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Executive Summary 
The transport sector represents 20 pct of all greenhouse gas emissions globally. The use 
of aluminum (Al) to reduce vehicle weight offers the potential to reduce these 
emissions. The production of secondary Al from recycled products requires only 
~2.8 kWh kg-1 compared to ~45 kWh kg-1 for primary Al production. In addition, 
recycling emits only ~5 pct as much carbon dioxide as primary production. Hence, the 
environmental advantages of using recycled Al for transport applications are as 
attractive as the economic savings. Unfortunately, the properties of recycled Al alloys 
do not meet the necessary requirements due to the unavoidable introduction of iron (Fe) 
impurity that leads to the occurrence of harmful Fe-containing intermetallic compounds 
(IMCs). This thesis aims to establish the knowledge required to be able to increase the 
utilization of recycled Al by controlling the formation of the Fe-containing IMCs by 
ultrasonic melt treatment (USMT). In addition, USMT was further extended to laser 
additive manufacturing (LAM) to explore its applicability for structural refinement. 
 
• Ultrasonic melt treatment (USMT) of an Al-19Si-4Fe alloy 
USMT was used to control the formation of Fe-containing IMCs in an Al-19Si-4Fe 
alloy (all alloy compositions are given in wt pct unless otherwise indicated). 
Macrostructural examination revealed that the ingot in the absence of USMT had a 
considerable non-uniform distribution of primary Fe-containing IMCs, whereas the 
ingot with USMT exhibited a near homogeneous distribution of the IMCs, i.e., reduced 
macro-segregation. Statistical analyses based on quantitative metallography confirmed 
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that the area fraction, number density and size distribution of the Fe-containing IMCs 
became essentially uniform across the ingot with USMT. In addition, USMT further 
exerted an unexpected impact on the constitution of the primary Fe-containing IMCs. 
Complex δ-Al3FeSi2/β-Al5FeSi IMCs were prominent without USMT while few 
δ-Al3FeSi2 IMCs were observed after USMT and the primary Fe-containing IMCs 
existed mostly as single-phase β-Al5FeSi IMCs. Such observations indicate that USMT 
furthered the peritectic transformation δ-Al3FeSi2 → β-Al5FeSi. The underlying 
reasons were identified. 
 
• USMT of a manganese (Mn)-modified Al-17Si-2Fe alloy 
The individual and combined effects of different levels of Mn addition and USMT on 
the formation of Fe-containing IMCs in an Al-17Si-2Fe alloy were investigated. 
Increasing the Mn content without USMT resulted in macro-segregation and coarse 
IMCs. In addition, not all δ-Al3FeSi2/β-Al5FeSi IMCs transformed into the desirable 
α-Al15(Fe,Mn)3Si2 phase. In contrast, the combination of USMT and Mn addition 
avoided all these issues. The resultant microstructure was featured by fine dispersed 
polyhedral α-Al15(Fe,Mn)3Si2 IMCs. The volume fraction of the IMCs was quantified 
and compared with predictions made from the Scheil equation and the lever rule. The 
underlining mechanisms for the effect of Mn and USMT on Fe-containing IMC 
formation and the effect of USMT alone on the Fe-containing IMC selection were 
discussed and proposed. 
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• Laser processing of an Al-19Si-4Fe alloy 
A systematic study has been made on the Fe-containing IMC formation in a laser 
processed Al-19Si-4Fe alloy. The microstructure of the laser re-melted Al-19Si-4Fe 
alloy consisted of a three-dimensional (3D) architecture of fine interconnected 
co-eutectic platelet-like δ-Al3FeSi2 IMCs. Consequently, the laser re-melted 
Al-19Si-4Fe alloy exhibited a superior yield stress and tensile strength than commercial 
hypereutectic Al-Si alloys without compromising ductility. The experimental data 
produced provide new perspectives on the development of Fe-modified hypereutectic 
Al-Si based alloys for LAM. 
 
• USMT during laser additive manufacturing (LAM) 
Structural refinement of LAM-fabricated Ti-6Al-4V by USMT was investigated. 
Ti-6Al-4V was selected as a feedstock powder due to its readier availability compared 
to Fe-modified hypereutectic Al-Si alloy feedstock powder. The sample without USMT 
consisted of large (>500 µm) columnar (aspect ratio > 2.5) prior-β grains traversing 
multiple deposited layers. In contrast, fine (~100 µm) essentially fully equiaxed grains 
were obtained in the sample with USMT. The sample with USMT showed a 12 pct 
improvement in both the yield stress and tensile strength compared to the sample 
without USMT. Assessment of the ultrasonic conditions during LAM revealed that the 
selection of the ultrasonic transducer element is an important practical consideration for 
grain refinement by USMT and a solution was recommended. The most likely 
responsible grain refinement mechanism was discussed. This approach can be extended 
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to other alloy systems for structural refinement, including Fe-modified Al-Si based 
alloys. 
 
Keywords: Hypereutectic Al-Si alloys; Fe-containing intermetallic compounds; 
Ultrasonic melt treatment; Laser processing, Solidification processing. 
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Chapter 1: Introduction 
1.1  Background 
A recycling-based society requires the use of recycled material for the production of 
metal alloy components. A major practical issue in the aluminum (Al) industry is the 
unavoidable introduction of impurities from the Al scrap into the raw material during 
the recycling process. Impurities may include chromium (Cr), copper (Cu), iron (Fe), 
lead (Pb), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), silicon 
(Si), vanadium (V), zinc (Zn) and zirconium (Zr) [1]. These elements cannot be 
economically removed from the Al and tend to increase modestly with each recycling 
event. Of these impurity elements, Fe is considered the most deleterious and important 
in Al alloys. This is because it promotes the formation of Fe-containing intermetallic 
compounds (IMCs) that increase material defects, reduce the mechanical properties and 
lead to inconsistent performance of the component [2-5]. 
 
The development of higher performance Al engines with increased combustion 
pressures and temperatures is ongoing due to stricter fuel economy standards. 
Unfortunately, the strength of all commercial Al alloys decreases rapidly with 
increasing temperature and increasing soaking time above 150 °C [6]. This is due to the 
thermal instability of the precipitation hardening phases in these alloys, such as Al2Cu 
phase, Q phase, Mg-Si phases. Therefore, new cost-effective Al alloys for high 
temperature transport applications need to be developed. 
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One approach to improve the high temperature performance of Al alloys involves 
alloying with transition metals, including Fe, Cr, Zr, Mo, V, Ni or Mn, to introduce hard 
and thermally stable Al-rich IMCs [7]. This method relies on a fine dispersion of the 
IMCs throughout the matrix. These IMCs are attractive as reinforcements in Al alloys 
since they have low densities and thermal expansion coefficients, coupled with high 
moduli and melting points. Moreover, the IMCs have a strong physio-chemical bond 
with the Al matrix since they form naturally during solidification. Hence, improving the 
elevated temperature performance of Al alloys by Fe addition may present an 
opportunity to exploit the increasing Fe content in recycled Al for the fabrication of cost 
effective, high performance Al alloys. This is particularly true if the size, distribution 
and shape of the Fe-containing IMCs can be effectively controlled. 
 
Ultrasonic melt treatment (USMT) and laser processing have each proved to be effective 
in controlling Fe-containing IMCs in Al-based alloys. Previous work [8, 9] has 
suggested that USMT stifles the transformation Fe-containing IMCs in Al-based alloys. 
Interestingly, investigations on USMT of other alloy systems, such as Sb-Sn [10], 
Cu-Sn [11] and Ti-Al [12], give contrasting results. Additionally, no study has been 
presented yet on the effect of USMT on macro-segregation of solid phases in Al-based 
alloys. Research has shown that manganese (Mn) addition is effective in modifying 
Fe-containing IMCs in Al-based alloys [2-5]. However, previous studies have identified 
no clear synergy in combining Mn addition with USMT to control the IMCs [8, 9]. 
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With regards to laser processing, an Fe-modified hypereutectic Al-Si based alloy was 
recently fabricated by laser additive manufacturing (LAM) [13]. However, the 
mechanical properties of the alloy were not evaluated. Finally, welding processes 
(similar processes to additive manufacturing) showed positive responses to USMT [14-
18]. The key outcomes were grain refinement, reduced porosity and improved 
mechanical properties. However, the technique has not been applied to LAM processes 
yet. 
 
1.2  Aim and Objectives 
The aim of this work is to control the formation of Fe-containing IMCs in Al-based 
alloys to improve the alloys engineering performance. In particular, this study will focus 
on furthering our understanding of Fe-containing IMC formation in ultrasonic and laser 
processed hypereutectic Al-Si based alloys. Considering the increasing importance of 
metal laser additive manufacturing (LAM), ultrasonic processing is further extended to 
LAM for structural refinement. 
 
Specifically, the main objectives of this thesis include: 
• To clarify the role of USMT on the formation of Fe-containing IMCs in a 
hypereutectic Al-Si based alloy, particularly concerned with both the transformation 
and macro-segregation of Fe-containing IMCs. 
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• To systematically determine the individual and combined effects of different levels 
of Mn addition and USMT on the occurrence of the desirable α-Al15(Fe,Mn)3Si2 
IMC in a hypereutectic Al-Si based alloy. 
• To assess the suitability of an Fe-modified hypereutectic Al-Si alloy for LAM. 
• To evaluate the applicability of USMT for structural refinement of LAM-fabricated 
metallic alloys. 
 
1.3  Thesis Outline 
This thesis is composed of seven chapters: 
Chapter 1 concisely states the project background and objectives. Chapter 2 reviews 
relevant basic metallurgy of Al-Si based alloys, including the implications of Fe content 
and methods to control Fe-containing IMCs. Chapter 3 investigates the effect of USMT 
on macro-segregation and primary Fe-containing IMC transformations in an 
Al-19Si-4Fe alloy. Chapter 4 presents a systematic study of the individual and 
combined effects of Mn addition and USMT on the formation of Fe-containing IMCs 
in an Al-17Si-2Fe alloy. Chapter 5 evaluates the suitability of a Al-19Si-4Fe alloy for 
LAM by laser re-melting. Chapter 6 assesses structural refinement of LAM-fabricated 
titanium alloy Ti-6Al-4V and nickel superalloy Inconel 626 by USMT and identifies 
important practical considerations. Chapter 7 concludes the thesis and recommends 
further research questions.
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Chapter 2: Literature Review 
2.1  Aluminum-Silicon Alloys 
Aluminum-silicon (Al-Si) based alloys containing Si as the major alloying element 
comprise 85-90 pct of the total Al-cast parts produced [19]. Alloying with Si is 
attractive because it reduces the thermal expansion coefficient, increases the corrosion 
and wear resistance, improves the castability and machinability, and provides a high 
strength-to-weight ratio [20, 21]. 
 
Commercial Al-Si based alloys may be classified into three groups based on the Al-Si 
phase diagram (Fig. 2.1) [22]: 
• Hypoeutectic alloys, with 5-11 pct Si (wt pct is used throughout unless specified 
otherwise), 
• Eutectic or near-eutectic alloys, with 11-13 pct Si, 
• Hypereutectic alloys, with 13-25 pct Si. 
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Fig. 2.1: The Al-Si phase diagram [22]. 
 
The Al-Si system is a simple eutectic with two solid solution phases, face-centered 
cubic Al and diamond cubic Si [22]. The eutectic reaction occurs at ~12.5 pct Si and 
~577 °C. The maximum solubility of Si in Al occurs at the eutectic temperature and is 
~1.65 pct Si. The solubility of Si in Al decreases to approximately zero with decreasing 
temperature. There is essentially no solubility of Al in Si at any temperatures to the 
melting point. 
 
The microstructure of hypoeutectic Al-Si based alloys consists of primary α-Al 
dendrites surrounded by a eutectic mixture of α-Al and Si (Fig. 2.2a). The 
microstructure depends on the cooling rate and melt treatment, i.e., grain refinement of 
the primary α-Al phase and modification of the Si phase in the Al-Si eutectic. Large 
eutectic Si plates and α-Al dendrites form at slow cooling rates or in non-treated melts, 
while a fine fibrous Si eutectic and equiaxed α-Al primary grains form at fast cooling 
rates or in treated melts. 
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The microstructure of hypereutectic Al-Si alloys consists of primary Si particles in a 
eutectic mixture of α-Al and Si (Fig. 2.2b). The primary Si particles tend to be coarse, 
star-like and non-uniformly distributed in non-treated binary hypereutectic Al-Si alloys. 
The refinement of the primary Si particles is key to the success of these alloys. It is 
routine to add a grain refining agent to these alloys to ensure fine dispersed primary Si 
particles. 
 
 
Fig. 2.2: Typical microstructures of (a) hypoeutectic [23] and (b) hypereutectic [24] 
Al-Si alloys. 
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2.2  Hypereutectic Aluminum-Silicon Alloys 
Hypereutectic Al-Si based alloys have excellent wear resistance, a thermal expansion 
coefficient lower than that of other more dilute Al-based alloys and not much higher 
than that of cast irons, superior castability, high thermal conductivity and good 
corrosion resistance, coupled with an excellent strength-to-weight ratio. These 
properties make the alloys attractive for transport applications such as engine blocks, 
pistons, cylinders, compressors, internal automotive transmission components, etc. 
 
A major boost to Al-Si based alloys began during the 1970s energy crisis for the 
replacement of cast iron components. This was in response to the need to lower vehicle 
fuel consumption. Early engine blocks took advantage of hypoeutectic Al-Si based 
alloys, such as A380 and A336. The cylinders required cast iron liners either cast- or 
pressed-in since the alloys exhibited only modest wear resistance. This proved too 
costly and led to the development of hypereutectic Al-Si alloys with greater wear 
resistance for liner-less engine blocks. 
 
A key advancement for hypereutectic Al-Si alloys came in 1971 when General Motors 
used the commercial A390 alloy─composed of 17 pct Si, 4 pct copper (Cu), 1 pct iron 
(Fe), 0.5 pct magnesium (Mg), and traces of phosphorus (P), zinc (Zn), manganese 
(Mn), and titanium (Ti)) ─for the first all-Al liner-less engine block. The Al cylinder 
surface was chemically etched away so that primary Si particles protruded a few 
micrometers above the surface providing a superior bearing surface for improved wear 
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resistance. The use of hypereutectic Al-Si based alloys for automotive engine blocks 
still continues today (Fig. 2.3). In fact, these alloys have found wider applications such 
as in small engines (e.g., chain saws), computer hard-disk components, pistons for air 
compressors, air compressor bodies, brake cylinders and components in automotive 
transmissions. 
 
 
Fig. 2.3: Porsche 928 engine block by 390 alloy low-pressure casting [25]. 
 
2.3  Composition of Hypereutectic Aluminum-Silicon Alloys 
The nominal composition of several commercial hypereutectic A-Si alloys is listed in 
Table 2.1. 
 
Silicon is the major element in hypereutectic Al-Si based alloys. It improves the wear 
resistance because of its extreme hardness. The hardness of both the eutectic and 
primary Si (which are both essentially pure Si) can reach over 1100 KNH while the 
hardness of the α-Al matrix rarely exceeds 180 KNH [26]. The wear resistance of the 
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alloy generally increases with Si content [21]. Al-Si alloys with high Si content possess 
great fluidity, which reaches a maximum at ~18-20 pct Si. The castability and 
machinability tend to suffer above this Si content. As such, the Si content in commercial 
hypereutectic Al-Si alloys generally range from 14-25 pct. 
 
Iron is the most common alloying element and can generally be tolerated up to 1.0 pct 
in sand- and gravity-casting and up to 2 pct or more in pressure die-casting [21]. Fe 
introduces several insoluble, hard Al-Fe-Si intermetallics compounds (IMCs). The 
mechanical properties of the alloys can largely depend on the type, size, and 
morphology of these IMCs. Platelet-like IMCs are known to cause embrittlement while 
more compact shapes (e.g., polyhedral) may improve strength, particularly at elevated 
temperatures. 
 
Magnesium is almost always present in a range of 0.5-1.0 pct [21]. It provides strength, 
hardness, machinability and hardenability by heat treatment. 
 
Copper may act in a similar way as Mg, although it may lower corrosion resistance. 
 
Manganese frequently appears in concentrations of less than 1 pct [21]. It improves the 
room- and elevated-temperature tensile properties. Mn changes the composition and 
morphology of the Al-Fe-Si IMCs. For instance, Mn addition replaces platelet-like 
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δ-Al3FeSi2 and/or β-Al5FeSi IMCs with Chinese-script, polyhedral or dendritic 
α-Al15(Fe,Mn)3Si2 IMCs. 
 
Phosphorus is added in the range of 30-150 ppm to provide heterogeneous nucleation 
sites for the primary Si particles in the form AlP particles [21]. Consequently, P addition 
enables refinement and uniform dispersion of the primary Si particles. 
 
Strontium at levels between 100-500 ppm modifies the morphology of the eutectic Si 
from plate-like to fibrous [21]. Unfortunately, strontium (Sr) addition coarsens the 
primary Si particles by deactivating AlP nuclei. 
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Table 2.1: Nominal composition of some commercial hypereutectic Al-Si alloys. 
Alloy Element (pct) 
 Si Fe Cu Mg Ni Mn Other 
A390 17 <0.5 4.5 0.55 - <0.1 <0.1 Zn 
B390 17 <1.3 4.5 0.55 - <0.5 <1.5 Zn 
393 22 <1.3 0.9 1.0 2.25 - 0.12 V 
392 19 <1.5 0.6 1.0 - 0.4 <0.5 Zn 
391 16-19 <1.4 0.15 0.4-0.7 - <0.3 - 
LM28 (UK) 17-20 0.7 1.3-1.9 0.8-1.5 0.8-1.5 0.6 
0.6 Cr, 0.2 Zn, 0.1 Pb, 0.1 Sn, 
0.2 Ti, <0.05 Co 
LM29 (UK) 22-25 0.7 0.8-1.3 0.8-1.3 0.8-1.3 0.6 
0.6 Cr, 0.2 Zn, 0.1 Pb, 0.1 Sn, 
0.2 Ti, <0.05 Co 
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A-S18UNG (France) 16.5-19.5 0.75 0.8-1.5 0.8-1.5 0.8-1.3 0.2 
0.2 Zn, 0.1 Pb, 0.05 Sn, 0.2 
Ti 
A-S25UNG (France) 23.5-27 0.75 08-1.5 0.8-1.5 0.8-1.3 0.2 
0.2 Zn, 0.1 Pb, 0.05 Sn, 0.2 
Ti 
G-AlSi21CuNiCo (Italy) 20-22 0.9 1.4-1.8 0.4-0.8 1.4-1.6 0.6-0.8 0.2 Zn, 0.2 Ti, 0.1 Co 
AK21M2.5N2.5 (Russia) 20-22 0.9 2.2-3.0 0.2-0.5 2.2-2.8 0.2-0.4 
0.2-0.4 Cr, 0.2 Zn, 0.04 Pb, 
0.01 Sn, 0.1-0.3 Ti 
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2.4  Iron in Aluminum 
Fe easily dissolves in molten Al due to its high solubility in liquid Al. According to the 
Al-Fe phase diagram (Fig. 2.4), only a very small amount of the Fe content constitutes 
as part of the solution in the Al matrix since the maximum equilibrium solid solubility 
of Fe in Al is small (maximum 0.05 pct). Consequently, almost all of the Fe content 
forms various Fe-containing IMCs with Al, Si and other elements [27]. 
 
 
Fig. 2.4: The Al-Fe phase diagram [28]. 
 
Fig. 2.5 shows the Al corner of the Al-Fe-Si phase diagram. The main IMCs that form 
are θ-Al3Fe (or Al13Fe4), α-Al8Fe2Si, β-Al5FeSi, δ-Al4FeSi2 and γ-Al3FeSi [27, 29]. The 
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π-Al8FeMg3Si6 and α-Al15(Fe,Mn)3Si2 IMCs may occur when Mg and Mn are present, 
respectively [27]. 
 
 
Fig. 2.5: Al corner of the Al-Fe-Si diagram [27]: (a) liquidus and (b) phase distribution 
in the solid. 
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The Fe-containing IMCs serve as an important part of the microstructure. They can 
induce a significant decline in the mechanical properties of the alloy if their size, 
morphology and distribution are not properly controlled. The β-Al5FeSi IMC is 
considered to be the most detrimental IMC. It is predominantly observed near grain 
boundaries, displaying a highly faceted platelet-like morphology (Fig. 2.6a, b) [30]. The 
β-Al5FeSi IMCs are hard and brittle and exhibits poor cohesion with the Al matrix. 
Consequently, they can lead to a general reduction in the alloy strength and ductility 
due to acting as stress raisers (Fig. 2.6c) [31]. 
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Fig. 2.6: (a) Three dimensional (3D) reconstruction of a group of platelet β-Al5FeSi 
IMCs in the outlined region in (b) [30]. (c) Micrographs of fractured platelet β-Al5FeSi 
IMCs in a tested tensile specimen of an Al-5Si-1Cu based alloy [32]. 
 
When the Fe content exceeds a critical value in hypereutectic Al-Si based alloys, the 
β-Al5FeSi IMCs form prior to the Al-Si eutectic reaction by either a binary eutectic 
reaction L → Si + β-Al5FeSi or a primary reaction L → β-phase [33]. In contrast, the 
β-Al5FeSi IMCs may form by a ternary eutectic reaction L → Al + Si + β-Al5FeSi when 
the Fe content is equal to or less than a critical value [33]. The β-Al5FeSi IMCs may 
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also form via the peritectic decomposition of primary δ-Al3FeSi2 IMCs. This occurs via 
two stages [34]: (1) the peritectic reaction, during which a β-Al5FeSi IMC envelope 
surrounds each δ-Al3FeSi2 IMC via a reaction between the δ-Al3FeSi2 phase and liquid; 
and (2) the peritectic transformation, during which the β-Al5FeSi IMC envelope 
thickens by solid diffusion through the β-Al5FeSi IMC envelope.  
 
The β-Al5FeSi IMCs that originate from a pre-eutectic reaction are considered to be the 
most detrimental to mechanical properties [31]. In contrast, those which form at a 
temperature at or below the eutectic reaction may have a negligible or even beneficial 
role on the mechanical properties [31]. 
 
2.5  Iron-Containing Intermetallic Compounds in the 
Aluminum-Iron-Silicon System 
The formation of Fe-containing IMCs is not fully understood due to complexities with 
the Al-Fe-Si ternary system. The system involves several ternary invariant reactions 
consisting of 20 Fe-containing IMCs [35]. Solidification paths in this system are 
difficult to establish due to metastability, incomplete reactions and impurities [36]. 
Fe-containing IMCs may appear in a variety of forms depending on the alloy 
composition and temperature [37, 38]. The most commonly identified IMCs in 
hypereutectic Al-Si based alloys are δ-Al3FeSi2, β-Al5FeSi and α-Al15(Fe,Mn)3Si2 [27]. 
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The β-Al5FeSi (25.6 pct Fe, 12.8 pct Si) IMC (or sometimes with stoichiometry 
Al9Fe2Si2 [39] or Al4.5FeSi [40]) exists in the homogeneity range of 25-30 pct Fe and 
12-15 pct Si. It has been described many crystal structures, yet usually described with a 
monoclinic crystal structure (a = b = 0.612 nm, c = 4.150 nm and β = 91 deg) [38, 39]. 
Other lattice parameters for the monoclinic β-Al5FeSi IMC have been given in 
Refs. [40-42]. The β-Al5FeSi IMC has also been reported in terms of a tetragonal cell 
(a = 0.618 nm and c = 4.25 nm) [43], a B-centered orthorhombic cell (a = 0.618 nm, b 
= 0.625 nm and c = 2.069 nm) [44] and an A-centered orthorhombic cell (a = 0.618 nm, 
b = 0.620 nm and c = 2.08 nm) [45]. 
 
The δ-Al4FeSi2 (25.4 pct Fe, 25.5 pct Si) IMC (sometimes referred to as Al3FeSi2 [46] 
or Al2.7FeSi2.3 [47]) has a narrow chemical homogeneity. It is generally described by 
either a tetragonal (a = 0.616 nm, c = 0.949 nm [46]) or an orthorhombic structure (a = 
0.6061 nm, c = 0.9525 nm). It is only stable prior to the peritectic reaction liquid + 
δ-Al4FeSi2 → β-Al5FeSi + Si (596 °C). The peritectic transformation of the δ-Al3FeSi2 
IMC to the β-Al5FeSi IMC rarely goes to completion due to slow solid diffusion. Both 
δ-Al3FeSi2 and β-Al5FeSi IMCs are therefore normally present in the as-solidified 
microstructure as complex particles in which the β-Al5FeSi IMC envelopes the 
δ-Al3FeSi2 IMC [48] (Fig. 2.7). 
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Fig. 2.7: Scanning electron microcopy (SEM) image showing a δ-Al3FeSi2 IMC 
enveloped by a β-Al5FeSi IMC due to an incomplete peritectic transformation [48]. 
 
The α-Al15(Fe,Mn)3Si2 (26.3 pct Fe, 8.9 pct Si) IMC (possibly α-Al8Fe2Si [49, 50]) has 
a homogeneity range of 25-29 pct Fe and 9-13 pct Si. It is mostly reported with a 
body-centered cubic structure (a = 1.256 nm) [51]. It is important to note that Mn is 
required for its stabilization. This IMC may have a polyhedral structure at its core while 
its outer regions may have a convoluted 3D branched structure as shown in Fig. 2.8. 
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Fig. 2.8: (a) 3D reconstruction of an α-Al15(Fe,Mn)3Si2 IMC in the outlined region in 
(b) [30]. 
 
2.6  Nucleation and Growth of Iron-Containing Intermetallic 
Compounds 
In general, two main mechanisms for the nucleation and growth of Fe-containing IMCs 
have been proposed: (1) nucleation and growth on entrained oxide films and (2) 
nucleation and growth on AlP particles. 
 
Molten Al based alloys have a solid oxide film at their surface. Turbulence at the melt 
surface during melting, pouring and transportation ensures contamination of oxide films 
in the bulk melt (Fig. 2.9). The films appear in the melt as double-folded oxides with 
two unique sides: their dry, unbonded inner surfaces and their well wetted exterior 
surfaces [52]. The wetted exterior surfaces are in perfect contact with the melt, making 
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them effective surfaces for the nucleation of Fe-containing IMCs. In contrast, the gap 
between the dry inner surfaces exhibits poor bonding with the Al melt and can constitute 
as a crack-like defect in the IMCs or Al matrix [52]. 
 
 
Fig. 2.9: Entrainment of oxides at the melt surface [53]. 
 
Narayanan et al. [54] studied the nucleation of Fe-containing IMCs on oxides in the 
form of entrained films and deliberately added powder particles. They concluded that 
oxides are likely nucleation sites for the β-Al5FeSi IMC, of which the γ-Al2O3 oxide 
phase is the most potent. Cao and Campbell [52, 55] proposed the concept of 
Fe-containing IMC nucleation on the wetted outer surfaces of double oxide films. They 
observed a strong association between α-Al15(Fe,Mn)3Si2 IMCs and the exterior wetted 
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surfaces of double folded oxide films (Fig. 2.10). This suggests that entrained oxides 
may act as preferred substrates for the nucleation of α-Al15(Fe,Mn)3Si2 IMCs. Later on, 
Cao and Campbell [56, 57] assessed the potency of typical oxides found in Al-Si based 
alloys for the heterogeneous nucleation of the α-Al15(Fe,Mn)3Si2 IMC using the planar 
disregistry. Low planar disregistry orientation relationships were calculated between the 
α-Al15(Fe,Mn)3Si2 IMC and each of the different oxide phases. This indicates that all 
the different oxide phases found in Al-Si based alloys may act as potent substrates for 
the heterogeneous nucleation of the α-Al15(Fe,Mn)3Si2 IMC. 
 
 
Fig. 2.10: (a) SEM backscattered image showing an oxide crack in an 
α-Al15(Fe,Mn)3Si2 IMC and the Al matrix and (b) SEM image showing the gap between 
the two inner dry sides of the oxide crack [55]. 
 
Terzi et al. [58] studied the nucleation and growth of β-Al5FeSi IMCs in an 
Al-8Si-4Cu-0.8Fe alloy using real-time X-ray tomography. They observed that every 
nucleation event of the β-Al5FeSi IMC was associated with the outer oxide surface of 
the sample, i.e., no nucleation events of the β-Al5FeSi IMC occurred in the bulk melt 
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(Fig. 2.11). This gives strong support to the hypothesis that oxides act as potent 
nucleation sites for β-Al5FeSi IMCs. 
 
 
Fig. 2.11: Reconstructed β-Al5FeSi IMCs in the entire sample of an Al-8Si-4Cu-0.8Fe 
alloy imaged by synchrotron X-ray tomography showing four nucleation events (A-D) 
initiated at the outer oxide surface [58]. 
 
Puncreobutr et al. [59] investigated the nucleation of β-Al5FeSi IMCs in an 
Al-7.5Si-3.5Cu-0.6Fe alloy using real-time X-ray tomography. They observed four 
different mechanisms for the nucleation of the β-Al5FeSi IMC: (1) nucleation on surface 
oxides, (2) nucleation on/near α-Al dendrites, (3) self-nucleation and (4) nucleation on 
oxide skin pores. Interestingly, nucleation on/near primary α-Al dendrites was the most 
dominant mechanism while nucleation on oxides was the minor mechanism (Fig. 2.12). 
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Fig. 2.12: Quantified β-Al5FeSi IMC nucleation rates in an Al-7.5Si-3.5Cu-0.6Fe alloy 
for different nucleation mechanisms [59]. 
 
Khalifa et al. [60] assessed the nucleation of Fe-containing IMCs on the surface of 
different insoluble particles in Al-Si-Fe based alloys, including CaO, MgO, α-Al2O3, 
γ-Al2O3, Al4C3, SiC, TiC and TiB2. The nucleation of Fe-containing IMCs (including 
θ-Al3Fe, α-Al8Fe2Si, β-Al5FeSi and δ-Al4FeSi2) occurred on the surface of every 
inclusion irrespective of their different crystallographic structures. This infers that the 
crystallographic orientation (or the lattice misfit) at the nucleation interface may have a 
minor role on the nucleation of Fe-containing IMCs. 
 
Sigworth [61] proposed an alternate theory suggesting that AlP particles present in Al 
melts act as the dominate heterogeneous nucleation sites for the Fe-containing IMCs. 
This hypothesis was supported by Samuel et al. [62, 63], who observed AlP particles 
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located on the surface of β-Al5FeSi IMCs (Fig. 2.13). Cho et al. [64] also reported 
results consistent with the AlP hypothesis. They found that the nucleation temperature 
of β-Al5FeSi IMCs progressively increased with increasing addition of P (10, 40 and 
60 ppm) in an Al-10Si based alloy. This may suggest that the β-Al5FeSi IMC nucleated 
more easily with increasing P content, possibly due to P addition increasing the number 
density of the AlP particles in the melt. On the other hand, the experimental findings of 
Lu and Dahle [65] contradicted the AlP theory. P addition (~100 ppm) did not influence 
the thermal event of the β-Al5FeSi IMC during differential scanning calorimetry 
analysis, nor were AlP particles found to be associated with the β-Al5FeSi IMCs.  
 
 
Fig. 2.13: AlP particles associated with a β-Al5FeSi IMC in an Al-6Si-3.5Cu based 
alloy [62]. 
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The exact mechanism of nucleation and growth of Fe-containing IMCs in Al-Si based 
alloys is unclear. The ‘oxide’ and ‘AlP particle’ theories are the two most accepted 
mechanisms, although both still have contradictory evidence. This suggests that 
additional investigation is still needed for an in-depth understanding of the exact 
mechanism/s involved. Better knowledge on the nucleation and growth of 
Fe-containing IMCs in Al-Si based alloys is expected to open up new avenues for 
controlling the Fe-containing IMCs. 
 
2.7  The Role of Iron-Containing Intermetallic Compounds on 
Mechanical Properties 
Several critical reviews on the role of Fe on the mechanical properties of Al alloys 
exist [2-5]. The consensus is that the strength and ductility of Al alloys both decrease 
with increasing Fe content. The mechanism by which Fe reduces the mechanical 
properties is unclear. It is mainly cited that the harmful effects of Fe are due to the long 
platelet-like β-Al5FeSi IMCs. These IMCs are hard, brittle and have relatively poor 
bonding with the Al matrix. Hence, they may act as potential sites for crack initiation 
leading to decohesion failures [31, 66]. In three-dimensions, the β-Al5FeSi IMCs are 
highly faceted [30]. Consequently, the sharp plate tips of the β-Al5FeSi IMCs may act 
as stress raisers in the Al matrix, contributing to increased brittleness and reduced 
strength of the alloy [31]. 
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It has been suggested that porosity in Al-based alloys increases by β-Al5FeSi IMCs [67-
75], which in turn degrades the mechanical properties [76, 77]. In general, four major 
mechanisms have been proposed to explain the association of porosity with β-Al5FeSi 
IMCs: (1) restricted feeding theory [78-80], (2) pore nucleation theory [69], (3) 
nucleation of eutectic Al-Si by β-Al5FeSi [70-72] and (4) entrained bifilm theory [81, 
82]. 
 
The pore nucleation theory [31] is the most generally accepted theory and assumes that 
voids form at the inter-dendritic regions due inhibited flow of feed liquid along 
inter-dendritic channels by the β-Al5FeSi IMCs [69, 74, 75, 83]. Dinnis and 
co-workers [84] considered that porosity should increase linearly with Fe content since 
the volume fraction and size of the β-Al5FeSi IMCs in Al alloys is strongly dependent 
on the Fe content. However, contradictive results have been reported [67, 70-72, 84], 
which all suggest that an indirect relationship between Fe content and the formation of 
porosity exists. 
 
Puncreobutr et al. [85] directly observed the role of β-Al5FeSi IMCs on the nucleation 
and growth of pores in an Al-Si based alloy. They confirmed that (1) pore formation 
was induced by β-Al5FeSi IMCs physically inhibiting the flow of liquid along 
inter-dendritic channels and (2) the growth of a pore was favored along the surfaces of 
the IMCs (Fig. 2.14). Although Fe-containing IMCs located along inter-dendritic 
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channels may obstruct liquid feeding, the restricted feeding theory seems inadequate to 
solely describe how β-Al5FeSi IMCs develop porosity. 
 
 
Fig. 2.14: 3D tomographs showing the pore evolution (blue) in the presence of 
Fe-containing IMCs (red) at (a) 565 °C, (b) 561 °C, (c) 555 °C and (d) 550 °C [85]. 
Note the pore growth along the solid surface of Fe-containing IMCs in the dashed 
circles. 
 
Roy et al. [69] proposed the pore nucleation theory, which assumes that (1) the axial 
sides of β-Al5FeSi IMCs act as nucleation sites for pores and (2) the β-Al5FeSi IMCs 
restrict lateral pore growth and expansion. This theory implies that the number of pores 
increases with increasing number of β-Al5FeSi IMCs, i.e., the level of porosity increases 
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with Fe content. Once more, this theory seems insufficient in explaining the 
observations made by others in the literature. 
 
Taylor et al. [70-72] proposed a theory that relied on the observed “threefold” effect that 
Fe addition had on the porosity of an Al-Si-Cu based alloy. The model suggests that 
porosity levels are minimized at a critical Fe content and any deviation from this critical 
point leads to increased porosity (Fig. 2.15). However, this critical minimum is not 
always observed as shown by Dinnis el at. [84] and Otte et al. [73]. Clearly the role of 
Fe on porosity is complicated and there is still not a comprehensive developed theory to 
fully explain the experimental observations in the literature. 
 
 
Fig. 2.15: The porosity level versus Fe content in an Al-Si-Cu based alloy [70]. 
 
The brittleness of the β-Al5FeSi IMCs corresponds to the straightening of folded 
entrained oxide films according to Cao and Campbell’s [81] theory. Surface and bulk 
turbulence ensures oxide films are incorporated into the melt with a crumpled 
morphology. These films are forced to unravel and straighten when a β-Al5FeSi IMC 
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forms on their surface. A spanning width of air gap between the two inner dry sides of 
the film occurs as the film straightens (Fig. 2.16), constituting as an oxide crack defect 
and thus reducing the mechanical properties of the alloy [86]. 
 
 
Fig. 2.16: (a) Optical micrograph showing an oxide crack in a β-Al5FeSi IMC in an 
Al-Si based alloy [81]. (b) is a higher magnification optical micrograph of (a). 
 
In summary, although many Fe-containing IMCs may occur in Al-Si based alloys, the 
platelet-like β-Al5FeSi IMC is the most detrimental to mechanical properties. The 
platelet-like β-Al5FeSi IMCs may contribute to increased brittleness and reduced 
strength of the alloy by providing stress raisers and points of crack initiation. Although 
it is clear that platelet-like β-Al5FeSi IMCs can lead to porosity problems, the 
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mechanisms involved are not fully understood. The δ-Al3FeSi2 IMC is expect to impose 
a similar effect on porosity as the β-Al5FeSi IMCs, since it shares a similar platelet-like 
morphology. However, this is yet to be confirmed. The absence of a comprehensive 
model for the effect of Fe on porosity in Al-Si alloys suggests the need for better 
understanding and further studies. 
 
2.8  Modifying the Iron-Containing Intermetallic Phases 
Much research has focused on reducing the negative role of Fe when present beyond its 
specified levels in Al-based alloys. This is normally achieved by modifying the size and 
morphology of the β-Al5FeSi IMCs or replacing their crystal structure with higher 
symmetry lattice types. Three techniques are generally used: (1) the addition of 
chemical “neutralizers”, (2) thermal treatments, including melt superheating and rapid 
solidification and (3) physical melt processing. 
 
2.8.1  Chemical Means 
Chemical means are commonly used to counteract the negative effect of Fe in Al-based 
alloys. This method can be further explained by two different approaches. The first is to 
prevent the formation of pre-eutectic β-Al5FeSi IMCs by limiting the Fe content. The 
ternary eutectic reaction L → α-Al + β-Al5FeSi + Si exhibits a eutectic composition of 
~12.5 pct Si and ~0.7 pct Fe at a eutectic temperature of 576°C, according to the 
Al-Fe-Si phase diagram [27]. Therefore, this method relies on the Fe content of the alloy 
to be less than ~0.7 pct, which is challenging for recycled Al. The alternate approach 
 33 
 
involves the addition of chemical “neutralizing” elements, such as Mn, chromium (Cr), 
beryllium (Be), cobalt (Co) or Sr, which modify the morphology of the β-Al5FeSi IMCs 
and/or promote the formation of less harmful globular-shaped IMCs. Mn is most 
commonly used due to its low cost and wide availability, although other elements such 
as Cu [87], vanadium (V) [88], calcium (Ca) [89, 90], lanthanum (La) [91, 92], lithium 
(Li) [93], potassium (K) [94], sodium (Na) [2, 4], Mg [95-98] and Ti [99] have been 
used. 
 
Mn is always present as an impurity in recycled Al and commercial Al-Si based alloys. 
It is also often added to alloys to correct the morphology of Fe-containing IMCs. The 
addition of Mn can improve the performance of Al alloys by replacing large platelet-like 
β-Al5FeSi IMCs with fine compact-shaped α-Al15(Fe,Mn)3Si2 IMCs (Fig. 2.17). The 
α-Al15(Fe,Mn)3Si2 IMCs generally appear with a Chinese-script morphology. However, 
they may also have a star-like or polyhedral morphology at moderate levels of Fe and 
Mn content [100, 101]. The α-Al15(Fe,Mn)3Si2 IMCs are thought to be less damaging to 
the quality of Al-based alloys compared to β-Al5FeSi IMCs since their more compact 
shape provides a reduced embrittling effect and improved liquid feeding between the 
inter-dendritic channels. 
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Fig. 2.17: SEM backscattered images showing the effect of different levels of Mn 
content on the formation of Fe-containing IMCs in an Al-Si-Cu based alloy. (a) 
0.02 pct Mn, (b) 0.3 pct Mn, (c) 0.65 pct Mn and (d) 0.85 pct Mn [101]. 
 
Although the effects of Mn on the microstructure of Al-based alloys are well 
reported [54, 63, 65, 69, 74, 95, 98, 102-107], the amount of Mn needed to neutralize 
platelet-like β-Al5FeSi IMCs is not well established [2, 4]. When the Fe content exceeds 
0.45 pct in permanent or sand mold castings, it is recommended that the Mn content 
should be almost half of the Fe content to replace the platelet β-Al5FeSi IMCs with 
Chinese-script α-Al15(Fe,Mn)3Si2 IMCs [2]. However, the formation of β-Al5FeSi IMCs 
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has not been completely eliminated even at a Mn:Fe ratio of 2:1 [107]. Mascre [31] 
proposed a neutralization formula for an Al-l3Si based alloy containing up to 1.3 pct Fe: 
𝑀𝑛 = 2(𝐹𝑒 − 0.5)                       (2.1) 
where Mn is the elemental content required to replace β-Al5FeSi IMCs with 
α-Al15(Fe,Mn)3Si2 IMCs for a given Fe content. According to Shabestari and 
Gruzleski [108], the critical Mn:Fe ratio to replace β-Al5FeSi IMCs with 
α-Al15(Fe,Mn)3Si2 IMCs is 0.25. Cao and Campbell [109] observed the formation of 
Chinese-script α-Al15(Fe,Mn)3Si2 IMCs at a Mn:Fe ratio as low as 0.17 in an 
Al-11.5Si-0.4Mg based alloy, suggesting that this might be the minimum ratio 
necessary for α-Al15(Fe,Mn)3Si2 IMCs. Samuel et al. [63] reported that a Mn:Fe ratio of 
0.7 was optimal in an Al-6.5Si-3.5Cu based alloy containing up to 1 pct Fe, leading to 
improved strength and ductility. 
 
Transforming the β-Al5FeSi IMCs to α-Al15(Fe,Mn)3Si2 IMCs by Mn addition is greatly 
limited since a much coarser variation of the α-Al15(Fe,Mn)3Si2 IMC, commonly termed 
sludge, occurs at increased additions of Mn. Fig. 2.18 shows an example of sludge 
occurring in an Al-Si based alloy. Sludge IMCs constitute as hard spots significantly 
reducing the machinability of the alloy [110]. Sludge has an increased tendency to 
segregate due to its higher density compared to liquid Al and high melting point [100, 
108, 111, 112]. Sludge is frequently seen in die-casting since the melts are often held at 
low temperatures and the alloys typically comprise of high Fe and Mn contents. Sludge 
is also common in sand castings since gravity segregation is favored by slow cooling. 
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Build-up of gravity segregating sludge IMCs damages furnace walls and eventually 
leads to a completely depleted furnace capacity. 
 
 
Fig. 2.18: SEM image showing the occurrence of sludge α-Al15(Fe,Mn)3Si2 IMCs in an 
Al-11.5Si-0.4Mg based alloy [112]. 
 
Several empirical formulae have been derived to predict the formation of gravity 
segregating sludge α-Al15(Fe,Mn)3Si2 IMCs. The Iron Equivalent Value (IEV) is the 
most commonly accepted empirical formula and expressed as [113]: 
𝐼𝑟𝑜𝑛 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 (𝐼𝐸𝑉) = 1𝐹𝑒 + 2𝑀𝑛 + 3𝐶𝑟           (2.2) 
where Fe, Mn and Cr are the amounts of the elements (all in wt pct) in the alloy. The 
IEV has been found to empirically correspond to a minimum allowable holding 
temperature, below which the formation of sludge occurs in Al-Si based alloys [113]. 
The critical temperature of some Al-Si based alloys can be predicted from the work in 
Refs. [100, 111, 113, 114]. For instance, an Al-5Si-3Cu alloy with a critical IEV of less 
than or equal to 1.97 should prevent sludge formation at casting temperatures above 
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650 °C [114]. Osame et al. [115] also formulated an empirical relationship describing 
the critical Fe and Mn contents for the formation of sludge IMCs in an Al-Si-Cu based 
alloy at a given holding temperature. However, only two holding temperatures were 
investigated and hence the sufficiency of the formula could be doubted. 
 
A strong linear relationship between the IEV of an alloy and volume fraction of sludge 
has been reported [106, 116-118], indicating that the IEV may be used as a reliable 
predictor for the amount of sludge in Al-based alloys. For instance, Shabestari [106] 
developed an empirical linear equation given by: 
𝑉𝑠𝑙𝑢𝑑𝑔𝑒 = 1.33 ∗ 𝐼𝐸𝑉 + 1.53                    (2.3) 
where Vsludge is the volume fraction of sludge for a given IEV. The equation indicates 
that no sludge IMCs will appear in alloys with an IEV of less than 1.20. Nonetheless, it 
is important to note that the formation of sludge IMCs is also strongly dependent on the 
holding temperature and time [100, 106, 108, 111, 115] and presence of inclusions [60, 
112, 119, 120]. 
 
To summarize, limiting the Fe content to <0.7 pct can mitigate the negative effects of 
Fe in Al-Si based alloys by preventing the formation of pre-eutectic platelet-like 
β-Al5FeSi IMCs. However, this critical value is difficult to meet in recycled materials. 
The other approach is to replace the platelet-like β-Al5FeSi IMCs with more 
globular-shaped α-Al15(Fe,Mn)3Si2 IMCs by Mn addition. However, the sole use of Mn 
to correct the effect of Fe will increase the amount of Fe-containing IMCs in recycled 
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material due to Mn accumulation. Therefore, it is desirable to find an alternative 
procedure to control the Fe-containing IMCs and thereby minimize the use of Mn for 
sustainable recycling. 
 
2.8.2 Thermal Treatments 
2.8.2.1 Cooling Rate 
The amount, size, type and distribution of the Fe-containing IMCs depend on the 
cooling conditions. A strong linear relationship between the dendritic arm spacing 
(DAS) and average β-Al5FeSi IMC length has been shown [62, 63, 66, 83, 103, 121, 
122], indicating that DAS may be used as a reliable indicator for the size of the 
Fe-containing IMCs. An example showing the dependence of the size of β-Al5FeSi 
IMCs on DAS in an Al-Si-Mg based alloy is shown in Fig. 2.19. The formation of 
primary β-Al5FeSi IMCs may be suppressed by increasing the cooling rate since the 
critical Fe content for their formation increases with increasing cooling rate [31]. For 
instance, the critical Fe content increases to 0.75 pct Fe at 1 °C s-1, 0.80 pct Fe at 2°C s-1 
and 1.0 pct Fe at 10°C s-1. 
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Fig. 2.19: The relationship between DAS and the length of β-Al5FeSi IMCs in an 
Al-7Si-0.3Mg based alloy [66]. The cooling rate is supplemented according to the 
relationship given in [123]. 
 
Rapid solidification processes have opened new routes for Al alloy design by enabling 
greater constitutional and microstructural flexibility than other processing routes. For 
instance, the addition of 5 pct Fe to a rapidly solidified hypereutectic Al-Si alloy 
produced finely dispersed Fe-containing IMCs in the matrix (Fig. 2.20), thereby 
improving the room and high temperature yield stress of the alloy by ~13 pct and 
~128 pct, respectively [124]. Hence, rapidly solidified Fe-modified hypereutectic Al-Si 
based alloys for automotive engine applications have attracted much attention [125]. 
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Fig. 2.20: Optical micrograph showing the microstructure of a rapidly solidified 
Al-20Si-5Fe-3Cu-1Mg alloy [124]. 
 
Fe-modified hypereutectic Al-Si based alloys have been rapidly solidified by gas 
atomization [126-128], spray forming [124, 129-134] and laser additive manufacturing 
(LAM) [13]. Much work has focused on converting the Fe-containing IMCs of high 
aspect ratio to finer, more globular-shaped α-Al15(Fe,Mn)3Si2 IMCs through the 
addition of Mn and/or Cr [124, 128-134]. Fig. 2.21 shows a successful example. This 
has led to substantial improvements in the mechanical properties of these alloys [128, 
131]. For instance, the room temperature tensile strength of a rapidly solidified 
Al-20Si-5Fe-3Cu-1Mg alloy increased by ~19 pct with negligible loss of ductility by 
the addition of 3 pct Mn [131]. 
 
 41 
 
 
Fig. 2.21: (a) SEM image of a rapidly solidified Al-20Si-5Fe-3Cu-1Mg alloy and (b) 
the same alloy with the addition of 3 pct Mn [129]. 
 
LAM is a rapid solidification process capable of producing complex engineering parts 
with high efficiency [135]. However, only one study has investigated LAM-fabricated 
Fe-modified hypereutectic Al-Si based alloys [13]. The alloy showed a promising 
response to LAM, where the primary Fe-containing IMC size in sample fabricated by 
LAM was ~10 μm compared to >100 μm in the conventionally cast counterpart. 
However, the mechanical properties of LAM-fabricated alloy were not reported. 
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Additional control of the Fe-containing IMCs in LAM-fabricated alloys by Mn addition 
seems likely but it has not been evaluated yet. 
 
To sum up, the cooling conditions dictate the amount, size, type and distribution of the 
Fe-containing IMCs in Al-Si based alloys. This has encouraged the rapid-solidification 
of Fe-modified Al-Si based alloys for the production of high-performance materials. 
Rapid solidification by atomization and spray forming has been of much focus, while 
laser processing has received much less attention. Further work on laser processing of 
Fe-modified Al-Si based alloys is important to assess the suitability of these alloys for 
LAM, especially given the increasing importance of LAM. 
 
2.8.2.2 Melt Superheating 
Many authors have demonstrated that superheating the melt to high temperatures above 
the liquidus may counteract the harmful effects of Fe. Mondolfo and Barlock [136, 137] 
studied the effect melt superheating on various Al-based alloys and showed that the size 
of Fe-containing IMCs reduces with increasing superheat. The authors postulated that 
superheating may effectively destruct nuclei for the IMCs by decreasing both their size 
and number density. Awano and Shimizu [138] investigated the effect of melt 
superheating on the formation of Fe-containing IMCs in Al-Si based alloys. They found 
that heating the melt to 850°C replaced platelet-like β-Al5FeSi IMCs with 
Chinese-script α-phase IMCs, indicating that the IMC type may be controlled by melt 
superheating. 
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The control of Fe-containing IMC formation by melt superheating may be related to the 
transformation of the γ-Al2O3 phase to α-Al2O3 phase that occurs at high temperature 
(≥850 °C), where the latter phase has a poorer nuclei potency for the β-Al5FeSi 
IMC [54]. However, contradictions exist in the literature. For example, Samuel et 
al. [120] postulated that melt superheating up to 1020 °C does not transform alumina or 
change their efficiency to nucleate β-Al5FeSi IMCs. However, in the presence of Mg, 
the formation of β-Al5FeSi IMCs on alumina may be inhibited due to the rapid formation 
MgAl2O4 at high superheat temperatures, which is an ineffective nuclei for β-Al5FeSi 
IMCs [120]. It has also been proposed that melt superheating may reduce the number of 
β-Al5FeSi IMC nuclei by dissolving AlP particles [62, 63]. Melt superheat treatment 
has also been reported to either refine [56] or completely suppress sludge IMCs [102]. 
The critical superheat temperature to avoid sludge formation in a 319 alloy (with a IEV 
of 2.4) and 413 alloy (with a IEV of 2.1) is 690°C and 800°C, respectively [102]. 
 
To summarize, melt superheating is a powerful means to control the formation of 
Fe-containing IMCs in Al-Si based alloys. Although the exact mechanisms are not fully 
understood, it is generally agreed that melt superheating suppresses platelet-like 
β-Al5FeSi IMCs by transforming alumina inclusions to less favorable substrates for 
β-Al5FeSi nucleation. Unfortunately, such an approach is not recommended due to 
increased energy costs, furnace wear, gas pickup and oxide inclusions. 
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2.8.3 Ultrasonic Melt Treatment 
Ultrasonic melt treatment (USMT) provides an alternative route to control the formation 
of Fe-containing IMCs without the need of neutralizing elements [8, 9, 139-142]. This 
makes USMT an attractive option from both technological and economical aspects. 
USMT of light metals and alloys has been a well-known practice for many years [143-
146]. However, only until recently has this melt processing technique become attractive 
in academia and industry since it is environmentally friendly, zero-emission and energy 
efficient [147, 148]. 
 
The basic principle of structural refinement by USMT relies on the physical phenomena 
that occur when the melt is subjected to alternating pressure of ultrasonic frequency. 
The two most important phenomena are: (1) cavitation, which is the formation, growth 
and implosive collapse of gas bubbles, and (2) acoustic streaming, which is the 
formation of a steady flow by the absorption of acoustic wave oscillations and cavitation 
pressure pulses. A number of mechanisms have been suggested for the modification of 
solid phases by USMT. The major ones can be divided into two theories [148-152], 
sono-crystallization and sono-fragmentation. 
 
The sono-crystallization theory may be further explained by three different mechanisms. 
The first one is based on the pressure pulse-melting point (∆P-∆TM) mechanism 
according the Clapeyron equation [153, 154]: 
∆𝑇
∆𝑃
=
𝑇𝑀∆𝑉
𝐿
                           (2.4) 
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where ∆𝑃 is the increased pressure, L is the latent heat of freezing, ∆𝑉 is the change in 
volume upon solidification and ∆𝑇 is the change in the melting point. The collapse of 
cavitation bubbles can generate large instantaneous pressure pulses (range of 
gigapascal), resulting in an increase in the melting temperature according to Eq. 2.4. 
This is equivalent to an increased undercooling in the local liquid, and thus increased 
nucleation and structural refinement is expected.  
 
The second mechanism assumes cavitation-enhanced wetting of insoluble 
particles [148]. All melts contain many non-wetted insoluble impurity particles such as 
oxides, carbides, nitrides and borides. These particles normally do not participate in 
solidification since their micro-crevices and -cracks are filled with a hydrogen gaseous 
phase [155]. Cavitation close to the micro-defects produces high-energy shockwaves 
which clean the surfaces and improves wetting by the sono-capillary effect [156]. This 
can convert the impurity particles into active heterogeneous nucleation sites, thereby 
promoting structural refinement. Wang et al. [157] studied the USMT refinement 
mechanism for primary Al3Ti IMCs in an Al-0.4Ti alloy. They found strong evidence 
for the cavitation-enhanced wetting mechanism, in which USMT induced 
deagglomeration, dispersion and wetting of α-Al2O3 oxide particles, resulting in more 
oxide particles acting as nuclei for the primary IMCs during solidification. Al-oxide 
particles are well known to act as potent heterogeneous nucleation sites for 
Fe-containing IMCs [54, 57, 109, 119]. Hence, it seems probable that the 
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cavitation-enhanced wetting of oxide particles may play a significant role in the 
refinement of primary Fe-containing IMCs in Al alloys. 
 
The third mechanism assumes that the liquid at the liquid-bubble interface cools due to 
the rapid adiabatic expansion of gas inside the bubble. This causes undercooling at the 
bubble surface and can result in nucleation [153]. This mechanism seems unlikely since 
the undercooling produced by evaporation is too small to produce nucleation according 
to previous calculations [153]. 
 
The final major ultrasonic refinement theory is sono-fragmentation. It assumes that the 
growing solid phases fragment by the shock-wave and thermal pulses produced by the 
collapse of cavitation bubbles and solute redistribution effects [149]. Fragmentation by 
USMT of primary Al2Cu IMCs in an Al-35Cu alloy has been studied by synchrotron 
X-radiography [158]. The dominant mechanism for fragmentation by USMT were 
mechanical fracture by cavitation, dendrite re-melting, and stress against the dendrites 
by acoustic streaming. 
 
Many studies have investigated the effect of USMT on the formation of Fe-containing 
IMCs in hypereutectic Al-Si alloys [8, 9, 139-141, 159]. Osawa et al. [139] indicated 
that applying USMT to a hypereutectic Al-18Si alloy with 4 pct Fe leads to finely 
dispersed primary Fe-containing IMCs. The previous work [8, 9] has also shown that 
USMT suppresses the formation of the β-Al5FeSi IMCs in hypereutectic Al-Si based 
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alloys and primary δ-Al3FeSi2 IMCs occur instead, as shown in Fig. 2.22. This infers 
that USMT may stifle the peritectic transformation δ-Al3FeSi2  β-Al5FeSi somehow. 
Interestingly, contrasting results are given in investigations on other alloy systems such 
as Sb-Sn [10], Cu-Sn [11] and Ti-Al [12], in which peritectic transformations were 
promoted by USMT. 
 
 
Fig. 2.22: The change in Fe-containing IMCs in an Al-20Si-2Fe based alloy with 
different USMT times: (a) 0 s, (b) 60 s, (c) 120 s, and (d) 180 s [8]. 
 
Only two studies have investigated the combined effect of Mn addition with USMT. 
Zhang et al. [8] reported no benefits from combining 0.5 pct Mn with USMT versus 
applying USMT alone to an Al-20Si-2Fe based alloy. Likewise, Lin et al. [9] found no 
clear benefit of applying 0.4-0.8 pct Mn + USMT to an Al-17Si-2Fe based alloy over 
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the use of USMT alone. Additionally, although USMT has been shown to be effective 
in mitigating separation in immiscible Al-Sn-Cu alloys [160, 161], no systematic study 
has been presented yet on the effect of USMT on macro-segregation of Fe-containing 
IMCs Al-based alloys. 
 
Only few studies have applied external fields during LAM. In contrast, external fields 
have been widely used during welding (a process which is closely related to additive 
manufacturing) by many techniques including high-intensity ultrasound [14-18]. In 
each case, the applied external field vigorously agitates the solid-front to enhance 
nucleation or substantially increase the number of crystallites during solidification. In 
that regard, the use of external fields stands out as a huge opportunity for microstructure 
control during additive manufacturing without changing alloy chemistry. 
 
Vibrating the workpiece (either longitudinal or transverse to the travel direction of the 
heat source) at a frequency of 19-20 kHz can promote grain refinement in small melt 
pools of welds [14-16, 18]. Alternatively, ultrasonic grain refinement may occur during 
welding by directly dipping an ultrasound sonotrode into the melt pool. This method 
permits the additive manufacturing build plate to be clamped. This approach was first 
demonstrated by Yuan et al. [17] during arc welding of magnesium alloys AZ31 and 
AZ91 using a 0.5 mm-diameter tungsten ultrasound sonotrode vibrated with a 
frequency of 20 kHz. Fig. 2.23 shows an example of an ultrasonically-treated 
magnesium alloy AZ31 weld (Fig. 2.23a), where full transition from columnar grains 
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(Fig. 2.23b) to equiaxed grains (Fig. 2.23c) occurred by ultrasound. The notable 
findings of Yuan et al. [17] include: (1) increasing the ultrasonic amplitude from 14 µm 
to 28 µm reduced the grain size, (2) the higher solute-containing alloy (AZ91) welds 
exhibited finer grains both with and without ultrasound, and (3) increasing the growth 
velocity v decreased the grain size both with and without ultrasound. 
 
 
Fig. 2.23: Grain refinement of magnesium alloy AZ31 welds by high-intensity 
ultrasound. (a) A weld treated with ultrasound by pushing an ultrasound sonotrode into 
the melt pool. (b, c) Polarized light microscopy images of samples (b) without and (c) 
with ultrasound (frequency: 20 kHz, ultrasound amplitude: 26.44 µm). Coarse 
columnar grains are converted to fine (46 µm) equiaxed grains by ultrasound. Adapted 
from Ref. [17]. 
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In summary, USMT is a strong and versatile technology to control the formation of 
Fe-containing IMCs in Al-Si based alloys. It is well documented that USMT can refine 
Fe-containing IMCs, but much less attention has been paid to the effect of USMT on 
IMC transformations. Additionally, there is a lack of understanding on the combined 
effects of chemical neutralizers, e.g., Mn, and USMT on the control of Fe-containing 
IMCs. Finally, limited work has been done on structural modification of laser processed 
materials by USMT. 
 
2.9  Summary and Research Gaps Identified 
Fe is the most pervasive impurity element that generally imparts a negative influence 
on the mechanical properties of Al-Si based alloys. It provokes the formation of hard 
and brittle Fe-containing IMCs whose type, size, shape and amount largely depend on 
alloy composition, melt treatment and cooling rate. The platelet-like pre-eutectic 
forming Fe-containing IMCs are the most detrimental to mechanical properties due to 
acting as potential sites for crack initiation and adversely affecting the alloys feedability 
during solidification. The negative influence of Fe in Al-Si based alloys may be 
alleviated by the addition of chemical neutralizers (such as Mn), melt superheating, 
rapid solidification and USMT. The Fe-containing IMCs may act as effective structural 
reinforcements for improved alloy strength at room- and elevated-temperatures if their 
size, distribution and shape are effectively controlled. 
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Four research gaps are identified from the literature and research hypotheses are 
formulated (Table 2.2). The subsequent chapters are targeted at these research gaps.
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Table 2.2: Missing gaps in the literature and their respective hypotheses and importance. 
Literature gap Hypothesis 
The published results on the effect of USMT on IMC 
transformations in the Al-Fe-Si system are inconsistent with 
those occurring in other alloy systems. No systematic study has 
been presented yet on the effect of USMT on 
macro-segregation of solid phase particles in Al alloys. 
USMT may affect the IMC transformations by changing the 
associated diffusion distance, x, the diffusion time, t, and 
diffusion coefficients, Ds, according the Fourier number, α, 
where α = Dst/2x. USMT has been shown to be effective in 
mitigating separation in immiscible Al-Sn-Cu alloys. USMT 
may also have a positive role for alleviating macro-segregation 
in conventional Al alloys. 
Both Mn addition and USMT have each proved to be effective 
in modifying Fe-containing IMCs in Al alloys. However, 
previous studies have identified no clear synergy in combining 
Mn addition with USMT to control these IMCs. 
A synergistic effect of USMT and Mn addition is anticipated 
since the former is known to reduce the size of the Fe-containing 
IMCs by increasing their number density during solidification, 
while the latter can replace elongated δ-Al3FeSi2 and/or 
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β-Al5FeSi IMCs with more compact-shaped α-Al15(Fe,Mn)3Si2 
IMCs. 
There is a lack of study on Fe-modified hypereutectic Al-Si 
based alloys fabricated by laser processing. In addition, the 
mechanical properties of these alloys have not been evaluated. 
Further IMC control in laser processed alloys by Mn addition 
seems likely but has not been reported yet. 
Laser processing is known to refine IMCs while Mn addition 
generally promotes Fe-containing IMCs with more desirable 
morphologies. Improved mechanical properties are expected by 
combining laser processing and Mn addition. 
The existing published data on the effect of USMT during LAM 
is both lacking and ambiguous. 
Grain refinement of welds by USMT is reported. Hence, grain 
refinement by USMT during LAM is expected since the 
solidification conditions during LAM and welding are similar. 
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Chapter 3: Ultrasonic Melt Treatment of an 
Al-19Si-4Fe Alloy 
 
3.1 Brief Summary 
Macro-segregation and primary iron (Fe)-containing intermetallic compound (IMC) 
peritectic transformations in an Al-19Si-4Fe alloy (wt pct) were investigated without 
and with ultrasonic melt treatment (USMT). Macrostructural examination showed that 
in the absence of USMT the ingot revealed considerable non-uniform distribution of 
both the primary Fe-containing IMCs and primary Si particles, whereas the ingot with 
USMT exhibited near homogeneous distribution of both primary phases, i.e., reduced 
macro-segregation. The beneficial effect of USMT on relieving macro-segregation was 
further examined using quantitative microstructural metallography and the results 
indicated that the area fraction, number density, and size distribution of both primary 
phases became essentially uniform across the ingot after USMT. USMT further exerted 
a significant impact on the constitution of the primary Fe-containing IMCs, where 
complex particles of δ-Al3FeSi2/β-Al5FeSi were prominent without USMT, while few 
δ-Al3FeSi2 particles were observed after USMT and the primary Fe-containing IMCs 
existed mostly as the single-phase β-Al5FeSi. The underlying reason was attributed to 
the reduction in the size of the primary δ-Al3FeSi2 particles which ensures the complete 
transformation of most primary δ-Al3FeSi2 particles to the peritectic β-Al5FeSi phase. 
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3.2 Introduction 
Aluminum-silicon (Al-Si) based alloys are the most widely used Al-based foundry 
alloys due to their excellent combination of mechanical properties and ease of 
castability. Hypoeutectic Al-Si alloys containing 5-12 pct Si (wt pct is used hereinafter 
unless otherwise specified) account for most commercial production. However, 
hypereutectic Al-Si alloys with 14 to 25 pct Si are more desirable for applications 
requiring wear resistance, along with high strength and low weight.  
 
Transition metal solutes, notably iron (Fe), chromium (Cr), and nickel (Ni), in these 
alloys can further improve their performance at elevated temperatures due to the 
presence of thermally stable intermetallic compounds (IMCs) [126, 162]. The use of Fe 
is considered to be particularly attractive for two reasons: it alleviates die soldering for 
die casting and allows the use of secondary Al (post-consumer scrap) already containing 
appreciable amounts of Fe. However, the amount of Fe addition is restricted as the 
resulting Fe-containing IMCs can form as large and coarse platelet-like features, 
deteriorating ductility and fracture toughness [3]. Moreover, it is challenging to obtain 
microstructurally homogeneous castings of hypereutectic Al-Si-based alloys by 
conventional foundry processes, because of the propensity to form macro-segregation 
defects during solidification [163]. As a result, special solidification processes such as 
rapid solidification [128], spray deposition [130], melt thermal-rate treatment 
(MTRT) [164], and ultrasonic melt treatment (USMT) [8, 9, 139-141, 159] have been 
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employed to control the size, morphology, and distribution of Fe-containing IMCs and 
primary Si in hypereutectic Al-Si alloys. 
 
In Fe-containing hypereutectic Al-Si alloys, the Al-Fe-Si phase diagram [27] shows 
that the following three reactions can occur leading to the formation of β-Al5FeSi 
during equilibrium solidification: 
(1)  L + δ-Al3FeSi2 → β-Al5FeSi + Si 
(2)  L → β-Al5FeSi + Si 
(3)  L → α-Al + Si + β-Al5FeSi. 
During reaction (1), the β-Al5FeSi phase forms on δ-Al3FeSi2 via a quasi-peritectic 
reaction which occurs only when the Si and Fe contents are greater than ~17.7 and 
~2.8 pct, respectively, by thermodynamic calculations using the software package 
PANDATTM and PanAluminum 2016 database. When the Si and Fe solute 
concentrations are more dilute, however, the β-Al5FeSi phase can simply form directly 
from the liquid as a pre-eutectic phase according to reaction (2). Finally, some 
β-Al5FeSi phase can form as a component of the α-Al + Si + β-Al5FeSi ternary 
eutectic by reaction (3). Nonetheless, the phase δ-Al3FeSi2 has been reported to also 
exist in dilute Al-Fe-Si alloys [165], highlighting the complexity of the Al-Fe-Si 
system. Furthermore, peritectic β-Al5FeSi often coexists with the primary 
δ-Al3FeSi2phase in the as-cast microstructure, because the peritectic transformation 
of δ-Al3FeSi2 into β-Al5FeSi in reaction (1) rarely goes to completion. Two studies 
have investigated quasi-peritectic reactions in the Al-Fe-Si system [49, 166], but they 
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both dealt with low Fe hypoeutectic Al-Si alloys. Hence, there is a lack of 
understanding of the solidification reactions that occur in hypereutectic Al-Si alloys 
containing moderate additions of Fe and the growth mechanisms involved. 
 
USMT has been employed in solidification processing to control the nucleation and 
growth of primary crystalline phases, together with the macro- and microstructural 
features in castings [143, 144, 149, 150, 167-171]. Hence, the use of USMT has 
attracted attention for refining the size and modifying the morphology of 
Fe-containing IMCs [139, 172] and primary Si [173-175], including when both phases 
coexist in hypereutectic Al-Si alloys [8, 9, 139-141, 159]. Table 3.1 summarizes the 
studies on USMT of hypereutectic Al-Si alloys containing deliberate additions of Fe. 
However, in these reports, inadequate information was provided on the experimental 
parameters, such as the ultrasonic horn diameter, ultrasonic amplitude, and horn 
pre-heating temperature, which makes it difficult to compare the results. Furthermore, 
very different melt temperatures or superheats were used (Table 3.1), which are 
known to have an important effect on the microstructure, e.g., the use of a lower melt 
temperature tends to produce a finer grain structure [176]. Therefore, it is important 
to isolate the effect of the melt temperature from that of USMT. 
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Table 3.1: Previous studies on USMT of hypereutectic Al-Si based alloys containing deliberate additions of Fe. The abbreviation NS 
stands for not specified. 
Si, Fe 
content, 
pct 
Macro-segregation 
reported 
Influence on peritectic 
solidification Horn 
material 
Horn 
diameter, 
mm 
Applied 
power, 
W 
Amplitude, 
μm 
Frequency, 
kHz 
Horn 
temp., 
°C 
Difference 
in 
pouring 
temp., °C 
Ref. 
Suppression Promotion 
17, 1.3 No Phases not characterized 
Stainless 
steel 
Crucible-type 2000 25-30 19.5 
Room 
temp. 
No 
difference 
[159] 
17, 2 No No effect Ti NS 1600 NS 20 NS 85 to 125 [141] 
17, 2 No β-phase δ-phase Ti NS 1600 NS 20 NS 110 [9] 
18, 4 No No effect Sialon 20 1200 20 19 NS 
Not 
poured 
[139] 
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20, 0.7 No No effect Ti NS 1200 NS 20 NS 135 [140] 
20, 2 No β-phase δ-phase Ti NS 1200 NS 20 NS 130 [8] 
Note: The difference in pouring temperature refers to the difference in pouring temperature used without and with USMT. 
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Previous studies [8, 9] have shown that USMT suppresses the formation of the 
peritectic β-phase in hypereutectic Al-Si based alloys, but leads to the formation of 
the primary δ-phase instead. This implies that USMT may stifle the peritectic 
transformation δ-Al3FeSi2 → β-Al5FeSi. However, contrasting results have also been 
reported on other alloy systems such as Sb-Sn [10], Cu-Sn [11], and Ti-Al [12], in 
which peritectic transformations were clearly promoted by USMT. This difference 
demands an in-depth investigation into the role of USMT on the peritectic 
transformation of primary Fe-containing IMCs in hypereutectic Al-Si alloys. 
Additionally, although USMT has been shown to be effective in mitigating separation 
in immiscible Al-Sn-Cu alloys [160, 161], no systematic study has been presented yet 
on the effect of USMT on macro-segregation in conventional Al alloys. 
 
In view of this, this study was carried out to evaluate the macro-segregation and the 
formation of Fe-containing IMCs in a slowly cooled Al-19Si-4Fe alloy without and 
with USMT. The ternary alloying addition of 4 pct Fe was selected because (1) it 
ensures the occurrence of the quasi-peritectic reaction L + δ-Al3FeSi2 → β-Al5FeSi + 
Si; (2) it produces a sufficient volume fraction of IMCs facilitating microscopic 
investigation; and (3) it is comparable to the additions of Fe in previous studies (see 
Table 3.1). 
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3.3 Experimental 
3.3.1 Materials 
The Al-19Si-4Fe alloy was produced by melting commercially pure Al (99.7 pct), Si 
(99.5 pct), and an Al-10Fe master alloy at 800 °C in an induction furnace and held for 
10 minutes before casting into boron nitride-coated steel molds to produce 350 g ingot 
charges. A single ingot charge was then placed in a boron nitride-coated clay-graphite 
crucible (90 mm top outer diameter, 55 mm bottom outer diameter, and 92 mm in 
height) and re-melted and held in a resistance furnace at 800 °C for 30 minutes. The 
liquid alloy was stirred for 1 minute for complete and homogeneous dissolution and 
then furnace-cooled. The melt temperature was recorded with a frequency of 10 
readings per second by a K-type thermocouple located approximately one-half radius 
from the inner crucible wall. The first derivative cooling curves were mathematically 
smoothed using the adjacent-average method over 25 data points (no further smoothing 
was applied). The cooling rate prior to primary phase formation was ~0.15 °C s−1. 
 
3.3.2 Ultrasonic Melt Treatment Procedure 
Fig. 3.1 displays the USMT set-up. The commercial ultrasonic system comprises a 
500-W generator, a fan-cooled 20 kHz half wavelength piezoelectric sandwich 
transducer, and a 25-mm-diameter tip acoustic sonotrode made from Ti-6Al-4V alloy. 
The maximum vibration amplitude at the sonotrode working face is 12 ± 1 μm peak to 
peak. The sonotrode was immersed into the melt to a depth of 10 mm at 700 °C with 
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the ultrasonic system switched on prior to immersion. The sonotrode was preheated to 
500 °C before it was immersed into the melt to alleviate the tendency for a solidified 
layer to form on the sonotrode working face. It was removed from the melt at 610 °C. 
 
 
Fig. 3.1: Schematic illustration of the experimental set-up. 
 
The ultrasonic intensity, I, required to overcome the cavitation threshold in typical Al 
melts has been determine(d to be I ≥ 100 W cm−2 [144], where I is defined by [144]: 
I = ½ ρc(2πfA)2,                         (3.1) 
where ρ is the liquid mass density, c is the speed of sound in the liquid, f is the 
frequency, and A is the amplitude of the ultrasound. The density of Al at 700 °C 
(i.e., the USMT start temperature) is 2375 kg m−3 [177], which increases to 
2395 kg m−3 when alloyed with 19 pct Si and 4 pct Fe [27]. The speed of sound in the 
alloy used is assumed to be that of a simple Al-19 pct Si binary alloy which at 700 °C 
has been reported to be 4573 m s−1 [178]. The ultrasonic intensity at the sonotrode 
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working face-melt interface can be estimated to be 1245 W cm−2 using Eq. 3.1, which 
is over an order of magnitude greater than the ultrasonic intensity threshold 
(100 W cm−2) required for the formation of a cavitation zone. 
 
3.3.3 Characterization 
As-solidified ingot samples were sectioned longitudinally for metallographic 
observations. The half castings were cut into small pieces, each with a section area of 
10 mm × 10 mm at four different positions on the cross section, representing the top 
surface, central, bottom, and side wall regions of the casting, as shown in Fig. 3.3. The 
samples were mounted, ground, and polished, using standard metallographic 
techniques. 
 
The morphology and composition of phases were examined with an FEI NanoSEM 
scanning electron microscope (SEM) in the backscattered electron (BSE) mode, 
equipped with an Oxford Instruments X-MaxN 20 energy dispersive X-ray 
spectroscopy (EDS) detector. Image analysis software package ImageJ was used to 
investigate and measure various microstructural parameters of the different phase 
constituents from the backscattered images. At least 15 fields of view were analyzed for 
each zone, where each field covered an area of 2.64 mm2. 
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3.4 Results 
3.4.1 Cooling Curves 
The Lever rule module of PANDATTM [179] with the PanAluminum 2016 database 
was used for solidification simulation of the Al-19Si-4Fe alloy to capture the IMC 
transformations. Fig. 3.2 presents the temperature vs fraction solid of the alloy, in 
which the following series of reactions take place: 
(1) L → δ-Al3FeSi2 (664 °C) 
(2) L → δ-Al3FeSi2 + Si (654 °C) 
(3) L + δ-Al3FeSi2 → β-Al5FeSi + Si (641 °C) 
(4) L → α-Al + Si + β-Al5FeSi (575 °C). 
 
 
Fig. 3.2: Temperature vs fraction solid curve as predicted by PANDATTM assuming 
equilibrium solidification of the Al-19Si-4Fe alloy. 
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Fig. 3.3 shows the cooling curves and their first derivatives obtained for the alloy 
without and with USMT. The reaction temperatures were determined from the first 
derivative [180]. Based on Fig. 3.2, the reaction and corresponding temperatures are 
listed in Table 3.2. 
 
 
Fig. 3.3: Cooling curves and their first derivatives for the Al-19Si-4Fe alloy: (a) 
without USMT and (b) with USMT. 
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Table 3.2: Solidification reactions observed from the thermal analysis diagrams of the 
Al-19Si-4Fe alloy without and with USMT. 
Reaction 
number 
Type of reaction 
Estimated 
temperature, °C 
  
Without 
USMT 
With 
USMT 
(1) L  δ-Al3FeSi2 665 * 
(2) L  δ-Al3FeSi2 + Si 663 * 
(3) L + δ-Al3FeSi2 → β-Al5FeSi + Si 595 595 
(4) L → α-Al + Si + β-Al5FeSi 576 576 
*Difficult to determine from the experimental data (see text). 
 
Solidification of the alloy without USMT starts at 665 °C, corresponding to the 
precipitation of δ-Al3FeSi2 (marked 1 in the figure). A second reaction overlaps 
considerably with the first one given the small temperature difference between these 
two reactions. Nonetheless, primary Si precipitation occurs at 663 °C (marked 2). The 
peritectic reaction L + δ-Al3FeSi2 → β-Al5FeSi + Si takes place at 595 °C (marked 3). 
Lastly, the main ternary eutectic reaction L → α-Al + Si + β-Al5FeSi occurs at 576 °C 
(marked 4). These experimentally determined reaction temperatures are consistent 
with the thermodynamic predictions, except for the peritectic reaction (3) where the 
difference between the values is 46 °C. Meanwhile, the experimentally observed 
 67 
 
peritectic reaction temperature of 595 °C is consistent with literature data, such as 
595 °C [181] and 596 °C [182].  
 
For the alloy with USMT, the insertion of the sonotrode at 700 °C led to a sudden drop 
in melt temperature of about 12 °C, followed by a decrease in cooling rate to a 
relatively stable rate of ~0.06 °C s−1. The sonotrode itself increases the heat extraction 
rate rapidly due to acting like a heat sink, until the point where the temperature of the 
sonotrode reaches thermal equilibration with the melt and the cooling rate stabilizes 
afterward. During USMT, there was much more noise in the temperature signal. This 
is likely related to the cavitation and acoustic streaming effects in the region of the 
thermocouple tip. As a result, the reaction arrest temperatures for the precipitation of 
primary δ-Al3FeSi2 and primary Si are difficult to determine. Upon removing the 
sonotrode at 610 °C, a sudden increase in the cooling rate occurs to a stable rate of 
~0.16 °C s−1. The acoustic energy introduced into the melt can effectively lead to a 
slower cooling rate during treatment [144]. Finally, the peritectic (marked 3) and 
ternary eutectic (marked 4) reactions occur at 595 °C and 576 °C, which are the same 
temperatures as without USMT. 
 
3.4.2 Macrostructure 
Fig 3.4 presents optical macrographs of the vertical sections of the alloy without and 
with USMT. In the absence of USMT, primary Fe-containing IMCs and primary Si 
are concentrated near the top surface (Zone I in Fig. 3.4a) as well as the bottom and 
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side walls of the crucible (Zones III and IV in Fig. 3.4a). No primary particles are 
visible in the central region (Zone II), which covers about 60 vol pct of the ingot. 
Additionally, major gas porosity appears in the central region. With USMT, the 
porosity is essentially eliminated, and, at least from a macroscopic point of view, fine 
Fe-containing IMCs and primary Si particles are uniformly distributed throughout the 
ingot. 
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Fig. 3.4: (a) Vertical section of a solidified Al-19Si-4Fe ingot without USMT and (b) 
the same alloy with USMT. Note the distinct difference in macro-segregation and phase 
distribution in (a) and (b). 
 
3.4.3 Microstructure 
Fig. 3.5 shows the morphologies of primary Fe-containing IMCs (white) and primary 
Si (gray) revealed by SEM BSE images in different regions of the ingot samples 
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solidified without and with USMT. The main features can be summarized as follows: 
(1) the long platelet-like primary Fe-containing IMCs observed in Zone I of the ingot 
without USMT disappeared after USMT; (2) after USMT, the morphologies of the 
primary Fe-containing IMCs and primary Si particles are observed to be finer and 
more homogeneous compared to without USMT and display approximately rod-like 
and polyhedral morphologies, respectively; (3) both the primary phase particles are 
well distributed across all zones of the ingot with USMT, as opposed the non-uniform 
microstructure of the ingot without USMT where primary phase particles are evident 
near the melt surface and wall regions but are absent in the central region. 
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Fig. 3.5: SEM BSE micrographs showing the typical primary phase structures in the 
four different zones of the Al-19Si-4Fe ingots shown in Fig. 3.4. 
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3.4.4 Quantitative Microstructural Analysis 
Area fraction provides a useful measure of the distribution of each primary phase in 
the ingot. Fig. 3.6 shows the area fractions of the primary Fe-containing IMCs and 
primary Si particles in different regions of the ingots without and with USMT. USMT 
resulted in both the primary Fe-containing IMCs and primary Si crystals to be 
distributed essentially uniformly across the ingot compared to noticeable 
variations, i.e., macro-segregation, in the absence of USMT. 
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Fig. 3.6: Area fraction of primary phases without and with USMT in the ingot samples 
shown in Fig. 3.4: (a) primary Fe-containing IMCs, and (b) primary Si. Refer to Fig. 3.4 
for the different zones. 
 
The number density per unit area of each primary phase in the ingot samples is shown 
in Fig. 3.7. An appreciable increase in number density was observed after USMT for 
both the primary Fe-containing IMCs and primary Si in each region concerned. 
Equally important is that the number density distribution in the ingot after USMT is 
far more uniform across all zones of the ingot than in the absence of USMT. 
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Fig. 3.7: Number density of primary phases without and with USMT for the ingot 
samples shown in Fig. 3.4: (a) primary Fe-containing IMCs, and (b) primary Si. Refer 
to Fig. 3.4 for the different zones. 
 
Along with significant changes in distribution are modified shapes of each primary 
phase. Fig. 3.8(a-d) show the measured morphological parameters of each primary 
phase from different regions of the ingot samples shown in Fig. 3.4. USMT entailed a 
marked reduction in both the length and width of each primary phase. Also, the size 
is more homogeneous throughout the ingot after USMT, while the difference in size 
is considerable without USMT. 
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Fig. 3.8: Morphological parameters of primary phases for the alloy ingots shown in 
Fig. 3.4: (a) primary Fe-containing IMCs without USMT; (b) primary Fe-containing 
IMCs with USMT; (c) primary Si without USMT; and (d) primary Si with USMT. Refer 
to Fig. 3.4 for the different zones. 
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3.4.5 Complex Iron-Containing Intermetallic Compounds 
A closer inspection of the backscattered micrographs revealed that many of the 
primary Fe-containing IMCs existed in a complex form which contained a central 
lighter phase enveloped by a darker phase in the ingot sample solidified without 
USMT. In contrast, such particles were observed only occasionally in the ingot sample 
solidified with USMT. In fact, the vast majority of the primary Fe-containing IMCs 
in the ingot sample after USMT appeared as single-phase particles. 
 
Fig. 3.9 shows a representative BSE image of two coarse platelet-like complex 
primary Fe-containing IMCs observed in Zone I of the ingot sample solidified without 
USMT. The faint difference in contrast can easily mask the two different IMCs at low 
magnifications. Fig. 3.10a-c show typical blocky complex primary Fe-containing 
IMCs observed near the wall of the ingot sample without USMT. The relative volume 
fraction of each phase in the complex particle varies but in all of the complex particles 
observed the central lighter contrast IMC showed a large area fraction. For 
comparison, Fig. 3.10d and e show two examples of the single-phase Fe-containing 
IMCs that are predominant in the ingot sample after USMT. Only a few complex 
particles were encountered in the ingot sample after USMT. A useful feature to note 
is that the central lighter contrast IMC is much smaller than those observed in the case 
without USMT. Fig. 3.10f shows one such example. It would appear that the central 
particle is the remnant of a larger particle formed at the beginning of solidification. 
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Fig. 3.9: (a) Typical BSE image showing unreacted platelet-like Fe-containing IMCs 
existing as complex particles of δ-Al3FeSi2/β-Al5FeSi in Zone I of the ingot sample 
solidified without USMT, and (b) an enlarged view. 
 
 78 
 
 
Fig. 3.10: BSE images showing examples of primary Fe-containing IMCs: (a through 
c) complex blocky particles of δ-Al3FeSi2/β-Al5FeSi observed near the mold wall 
regions of the ingot samples solidified without USMT; (d, e) single-phase short IMCs 
observed in the ingot after USMT; and (f) a complex particle of δ-Al3FeSi2/β-Al5FeSi 
observed in the ingot sample with USMT. 
 
EDS line scan analyses along the cross section of each selected IMC from Fig 10 are 
shown in Fig. 3.11. The results confirm that the contrasting phases in the complex 
particles are not artifacts. Instead, the central phase contained more Si than the outer 
phase (Fig. 3.11a, b). The single-phase particles shown in Fig. 3.10f do not contain an 
inner Si-rich phase (Fig. 3.11c). A comprehensive quantitative survey of the chemical 
compositions of a total of 93 complex and single-phase IMCs was undertaken, and the 
results are summarized in Table 3.3. Based on these results, the stoichiometry of the 
central Si-enriched phase is consistent with δ-Al3FeSi2, while the outer phase 
 79 
 
corresponds to β-Al5FeSi. The stoichiometry of the single-phase short rod particles is 
consistent with β-Al5FeSi. 
 
 
Fig. 3.11: EDS line scans across selected Fe-containing IMCs: (a) the complex particle 
in Fig. 3.9c; (b) the complex particle in Fig. 3.9f; and (c) the single-phase β-Al5FeSi 
particle in Fig. 3.9e. 
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Table 3.3: EDS point analysis results of primary Fe-containing IMCs. 
Alloy Structure Composition, at. pct Probable phase 
   Al Fe Si Fe:Si  
No USMT 
Complex 
particles 
Central 50.92 ± 3.28 18.03 ± 3.11 31.05 ± 0.84 0.58 ± 0.07 δ-Al3FeSi2 
  Outer 65.89 ± 0.77 16.47 ± 0.88 17.64 ± 0.93 0.92 ± 0.10 β-Al5FeSi 
USMT 
Single-phase 
particles 
- 65.94 ± 0.77 16.3 ± 0.67 17.76 ± 0.57 0.92 ± 0.05 β-Al5FeSi 
 
Complex 
particles 
Central 50.97 ± 4.62 18.19 ± 4.06 30.85 ± 0.83 0.59 ± 0.09 δ-Al3FeSi2 
  Outer 65.96 ± 1.17 16.53 ± 0.92 17.5 ± 0.87 0.94 ± 0.10 β-Al5FeSi 
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3.5 Discussion 
3.5.1 Macro-Segregation 
The occurrence of macro-segregation of primary Fe-containing IMCs and primary Si 
was not unexpected based on previous studies [112, 183]. The main mechanisms for the 
macro-segregation of primary Si particles have been identified as including [32] (1) 
flotation of primary Si particles toward the top of the melt; (2) heterogeneous nucleation 
of primary Si on the mold wall; and (3) localized enhanced growth of primary Si 
particles. As regards the macro-segregation of primary Fe-containing IMCs in Al alloys, 
they are observed to frequently settle to the bottom of the mold due to gravity leaving 
the upper part of the casting or ingot depleted of IMCs [112]. It has also been proposed 
that some Fe-containing IMCs may not settle but instead “hang” near both the side mold 
wall and the top melt surface regions [112]. One possible reason is due to heterogeneous 
nucleation of primary Fe-containing IMCs on oxide films or the mold wall, which can 
effectively slow down or even prevent their sedimentation. This hypothesis can help to 
explain the macro-segregation of primary phase particles observed near the top melt 
surface and wall regions, and also their depletion in the central region of the casting. 
Nonetheless, the mechanisms remain incompletely identified. 
 
USMT produced a uniform distribution of both primary Fe-containing IMCs and 
primary Si (Fig. 3.6) and eliminated macro-segregation. In addition, it increased the 
number of each primary phase (Fig. 3.7) with a uniform size distribution (Fig. 3.8). The 
high potency of USMT in dispersing the primary Fe-containing IMCs and primary Si 
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can be attributed to the combined effects of the enhanced heterogeneous nucleation of 
each primary phase (cavitation-induced, including fragmentation) and dynamic 
solidification environment (acoustic streaming and cavitation) created by ultrasonic 
waves. Both effects of USMT have long been recognized and discussed in the 
literature [143, 144, 149, 150, 157, 167, 168]. They will not be restated herein. One 
additional benefit of the cavitation effect of USMT is that it produces an essentially 
thoroughly mixed effect, thereby preventing large primary phase particles from quickly 
sinking or floating. As a result, gravity segregation of the primary phase particles is 
mitigated. This ability of USMT to fully eliminate macro-segregation so efficiently has 
not been well demonstrated previously to the authors’ best knowledge and it was not 
totally expected prior to this research. In that regard, this research extends perspectives 
on the capabilities of USMT. 
 
3.5.2 Peritectic Transformation 
The thermodynamic calculation shown in Fig. 3.2 predicts that an invariant 
quasi-peritectic reaction L + δ-Al3FeSi2 → β-Al5FeSi + Si occurs during solidification 
of the Al-19Si-4Fe alloy. As proposed by Sha et al. [166], the study of quasi-peritectic 
reactions can be based on the normal peritectic reaction theory [184-190]. On this basis, 
the quasi-peritectic formation of β-Al5FeSi can be regarded as consisting of two stages: 
(1) the normal peritectic reaction, during which direct reaction between δ-Al3FeSi2 and 
liquid leads to the formation of a continuous envelope of β-Al5FeSi surrounding each 
δ-Al3FeSi2 particle, isolating the initial δ-Al3FeSi2 phase from further contacting liquid; 
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and (2) the peritectic transformation, during which the β-Al5FeSi envelope thickens by 
solid-state diffusion of alloying elements from δ-Al3FeSi2 and liquid phases through the 
peritectic β-Al5FeSi envelope.  
 
It has been reported that both the δ-Al3FeSi2 and β-Al5FeSi particles exhibit similar 
platelet-like characteristic crystal shapes, but the platelets of δ-Al3FeSi2 are generally 
more blocky [39]. Hence, if the transformation from δ-Al3FeSi2 into β-Al5FeSi goes to 
completion, only relatively thin platelet-like β-Al5FeSi particles will appear in the 
as-solidified microstructure. However, if the transformation is only partially complete, 
both δ-Al3FeSi2 and β-Al5FeSi will be present as complex particles exhibiting an 
intermediary blocky-to-platelet morphology in which β-Al5FeSi envelopes δ-Al3FeSi2. 
In general, under most cooling conditions during solidification, only fine 
δ-Al3FeSi2 particles are expected to undergo complete transformation into β-Al5FeSi as 
the transformation is slow due to solid-state diffusion. 
 
In the ingot sample solidified without USMT, the primary Fe-containing IMCs 
exhibited long platelet-like shapes (Fig. 3.5a) in the melt surface (Zone I) and blocky 
shapes (Fig. 3.5c, d) in the wall regions (Zones III and IV). They both formed as 
complex particles of δ-Al3FeSi2/β-Al5FeSi. However, the blocky particles contained a 
significantly larger δ-Al3FeSi2 particle than those in the melt surface region. We 
propose that this is due to different degrees of transformation of δ-Al3FeSi2 into 
β-Al5FeSi. Fig. 3.8a shows that the average equivalent size of the primary Fe-containing 
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IMCs formed near the mold wall regions are almost twice as large as those formed near 
the melt surface regions. The diffusion-controlled rate of transformation from 
δ-Al3FeSi2 to β-Al5FeSi can be assumed to be similar at the same temperature. 
Therefore, the less complete transformation of δ-Al3FeSi2 into β-Al5FeSi platelets 
observed at the mold wall regions versus that at the melt surface can be attributed to the 
existence of coarser particles of δ-Al3FeSi2 for which longer time is required to 
complete the peritectic transformation. 
 
After USMT, most primary Fe-containing IMCs exist as single-phase β-Al5FeSi short 
rod particles (Fig. 3.10d-e) with a few δ-Al3FeSi2/β-Al5FeSi complex particles 
containing a small central area of primary δ-Al3FeSi2 (Fig. 3.10f). USMT has clearly 
resulted in complete peritectic transformation of most primary δ-Al3FeSi2 particles into 
peritectic β-Al5FeSi. As shown schematically in Fig. 3.12, the finer sized primary 
δ-Al3FeSi2 particles will shorten the time needed to complete the peritectic 
transformation. USMT produced much finer δ-Al3FeSi2 particles thus reducing the time 
needed to achieve complete transformation to β-Al5FeSi. In addition, USMT may have 
further enhanced the peritectic transformation by accelerating the peritectic 
transformation rate, in which case the thickness of the peritectic envelope ∆β-Al5FeSi 
in the alloy after USMT would be greater than that in the case without USMT.  
 
Previous studies [10-12] have suggested that the peritectic transformation rate increases 
markedly under USMT, possible due to two mechanisms: (1) acceleration of the 
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liquid-peritectic phase interfacial diffusion due to cavitation and accompanied mixing 
of the melt; and (2) increase in the peritectic reaction temperature according to the 
Clapeyron equation [153], and thus diffusion is expected to increase with temperature. 
To clarify this point, the β-Al5FeSi envelope thicknesses were measured for at least 40 
particles in both alloys, and the results are shown in Table 3.4. An average envelope 
thickness of 24.6 μm was achieved without USMT, as opposed to 26.4 μm with USMT. 
The very similar values indicate that the rate of peritectic transformation 
δ-Al3FeSi2 → β-Al5FeSi remained essentially the same in both alloys. This is not totally 
unexpected since USMT ceased prior to the peritectic reaction as shown in Fig. 3.3b. 
Consequently, the observations of ultrasound enhancing the peritectic transformation 
are mainly due to the reduced size of the primary δ-Al3FeSi2particles which require 
much less time to complete transformation than larger primary δ-Al3FeSi2 phase 
particles. 
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Fig. 3.12: Schematic diagram showing the effect of USMT on the peritectic 
transformation δ-Al3FeSi2 → β-Al5FeSi. The finer primary δ-Al3FeSi2 particles 
produced as a result of USMT ensure their complete transformation into peritectic 
β-Al5FeSi phase. 
 
Table 3.4: The average IMC half-width (critical diffusion length) and the average 
thickness of the peritectic β-Al5FeSi phase envelope in the alloy without and with 
USMT. 
 
Alloy 
Half-width of the 
particle, μm 
Thickness of the 
peritectic envelope, μm 
No USMT 61.6 ± 20.7 24.6 ± 15.4 
USMT 27.7 ± 6.9 26.4 ± 5.7 
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3.6 Conclusions 
• In the absence of ultrasonic melt treatment (USMT), severe macro-segregation was 
observed in the ingot with a noticeably non-uniform distribution of primary iron 
(Fe)-containing intermetallic compounds (IMCs) and primary silicon (Si) 
particles, whereas a near homogeneous distribution of both primary phase particles 
throughout the ingot was produced after USMT, i.e., reduced macro-segregation. 
• Macro-segregation was further quantified using microstructural metallography at 
different regions of the ingot samples. The results showed that the area fraction, 
number density, and size distribution of both the primary Fe-containing IMCs and 
primary Si particles became essentially uniform across the ingot after USMT 
confirming the beneficial effect of USMT on eliminating macro-segregation. 
• USMT had a significant impact on the constitution of the primary Fe-containing 
IMCs, where complex particles of δ-Al3FeSi2/β-Al5FeSi were prominent without 
USMT, while few δ-Al3FeSi2 particles were observed after USMT and the primary 
Fe-containing IMCs existed mostly as the single-phase β-Al5FeSi. 
• USMT leads to enhanced peritectic transformation δ-Al3FeSi2 → β-Al5FeSi due to 
the significant reduction in the average size of the primary δ-Al3FeSi2 particles. 
 
 88 
 
Chapter 4: Ultrasonic Melt Treatment of a 
Manganese-Modified Al-17Si-2Fe Alloy 
 
4.1 Brief Summary 
This work presented a systematic study of the individual and combined effects of 
different levels of manganese (Mn) addition and ultrasonic melt treatment (USMT) on 
the formation of iron (Fe)-containing intermetallic compounds (IMCs) in an 
Al-17Si-2Fe alloy (wt pct). Increasing the Mn content without USMT resulted in 
macro-segregation and formation of coarse IMCs. In addition, not all 
δ-Al3FeSi2/β-Al5FeSi IMCs transformed into the desirable α-Al15(Fe,Mn)3Si2 IMC. In 
contrast, the combination of USMT and Mn addition avoided all these issues. The 
resultant microstructure was featured by fine dispersed polyhedral α-Al15(Fe,Mn)3Si2 
phase particles. The volume fraction of the IMCs was quantified and compared with 
predictions made from the Scheil equation and the lever rule. The underlining 
mechanisms for the effect of Mn and USMT on Fe-containing IMC formation and the 
effect of USMT alone on the Fe-containing IMC selection were discussed and proposed. 
 
4.2 Introduction 
Hypereutectic Aluminum-silicon (Al-Si) based foundry alloys are widely used in 
automotive applications, such as engine blocks, pistons and cylinder heads, that require 
superior wear resistance [20, 21, 25]. Additions of 0.5-4.5 pct copper (Cu) and 
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0.5-1.0 pct magnesium (Mg) (in wt pct unless otherwise indicated) are common in these 
alloys in order to provide precipitation hardening through the precipitation of the Al2Cu 
phase, Q phase or Mg-Si phases [20, 21]. These precipitates are stable up to about 
150 °C, above which their rapid coarsening or dissolution can lead to a sharp drop in 
strength [6].Hence, it is necessary to introduce more stable second-phase particles to 
improve the elevated-temperature performance of these alloys. 
 
It has been shown that iron (Fe) additions (3-7 pct) can stabilize the microstructure of 
rapidly solidified hypereutectic Al-Si alloys at elevated temperatures due to the 
formation of fine (2-20 µm in size) dispersed primary Fe-containing intermetallic 
compounds (IMCs) [124, 126, 127, 131, 132]. These IMCs coarsen slowly compared 
with conventional precipitation-hardening phases and can show no dissolution up to 
540 °C [132]. Manganese (Mn) is often added at 1-3 pct to transform the embrittling 
platelet-like δ-Al3FeSi2 and β-Al5FeSi phases in these alloys into the less detrimental 
star-like or polyhedral α-Al15(Fe,Mn)3Si2 phase [129-134]. Further benefits of the 
α-Al15(Fe,Mn)3Si2 phase are its enhanced thermal stability [132, 133], and improved 
room- and elevated-temperature strength [131]. Hence, achievement of a uniform 
dispersion of fine primary α-Al15(Fe,Mn)3Si2 IMCs has the potential to notably improve 
the elevated-temperature performance of these as-cast hypereutectic Al-Si alloys. 
 
Recent studies have indicated that applying ultrasonic melt treatment (USMT) to 
Fe-modified hypereutectic Al-Si alloys (2-4 pct Fe) can result in finely dispersed 
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primary Fe-containing IMCs [8, 9, 139, 191]. The basic principles of USMT for 
modifying Al alloys have been discussed extensively. When the applied ultrasonic 
intensity exceeds a certain threshold (≥ 100 W cm-2 for typical Al melts [144]), 
cavitation occurs in the melt, which can refine the primary IMCs through 
fragmentation [158, 192] and/or enhanced nucleation [24, 157, 193] and mitigate their 
macro-segregation [191]. 
 
Based on the literature information discussed above, it is logical to combine Mn 
addition with USMT to effectively modify Fe-containing IMCs in Al-Si based alloys. 
In that regard, only two studies have so far investigated the synergy of combining Mn 
addition with USMT. Zhong et al. [8] reported no benefits from combining 0.5 pct Mn 
with USMT versus applying USMT alone to an Al-20Si-2Fe-2Cu-0.4Mg-1Ni alloy. 
Likewise, Lin and co-workers [9] found no clear benefit of applying 0.4-0.8 pct Mn + 
USMT to an Al-17Si-2Fe-2Cu-1Ni alloy over the use of USMT alone. This work is 
carried out to systematically investigate the individual and combined effects of different 
levels of Mn additions and USMT on the formation of primary Fe-containing IMCs in 
an Al-17Si-2Fe alloy. A range of novel observations are identified, and their 
implications are discussed along with the underlying mechanisms. 
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4.3 Experimental 
4.3.1 Materials 
The exact composition of the base alloy Al-17Si-2Fe is listed in Table 4.1, which was 
prepared from melting commercially pure Al ingot (99.7 pct), Si lump (99.5 pct) and 
Al-24.5Fe master alloy waffle ingot. Then about 350 g of the base alloy was re-melted 
in a boron nitride-coated clay-graphite crucible (90 mm top outer diameter, 55 mm 
bottom outer diameter and 92 mm in height) placed in a resistance furnace at 750 °C. 
Pure Mn chips (99.0 pct) were added to produce the rest of the four alloys listed in 
Table 4.1. After alloying with Mn, the clay-graphite melt crucible was withdrawn from 
the furnace and placed in air for USMT.  
 
4.3.2 Ultrasonic Melt Treatment Procedure 
Fig. 4.1 illustrates the experimental set-up. The ultrasonic system provides a power of 
500 W, a frequency of 20 kHz and a vibration amplitude of 12 μm peak to peak. The 
melt temperature was monitored by a K-type thermocouple located at the crucible wall 
(Fig. 4.1). A 25-mm diameter Ti-6Al-4V sonotrode was immersed 15 mm into the melt 
at 700 °C for USMT and withdrawn at 585 °C. The melt was left in the crucible to 
subsequently solidify in air. The sonotrode was preheated to 700 °C prior to immersion 
to help minimise any chilling effect. The average cooling rate prior to primary phase 
formation was ~0.5 °C s-1. 
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4.3.3 Characterization 
Each ingot was sectioned longitudinally into halves and small samples (~20 mm3) were 
cut from selected regions of interest. They were then prepared for microstructural 
characterization by standard techniques with the final polishing by 0.04 μm colloidal 
silica suspension. The microstructures were examined using scanning electron 
microscopy (SEM, FEI, Nova NanoSEM) in the backscattered electron (BSE) mode. 
Image analysis was used to measure the equivalent diameters and number densities of 
the primary Si particles and primary IMCs in eight fields of view at ×150. An energy 
dispersive X-ray spectroscopy system (EDS, Oxford Instruments, X-Max 20) and an 
electron backscatter diffraction detector (EBSD, Oxford Instruments, NordlysMax2) 
attached to the microscope were used to provide both chemical and structural 
information about the IMCs. 
 
EBSD mapping was used to quantify the IMC volume fractions near the bottom region 
of each ingot because most IMCs had segregated to the bottom in the absence of USMT. 
Each data set was averaged from measurements in three fields of view at ×250. The 
Fe-containing IMC volume fractions were calculated by dividing the number of pixels 
of an IMC of interest by the total number of pixels in the image. PandatTM software 
with the PanAluminum 2018 database [179] was used to calculate the mass fractions of 
the Fe-containing IMCs by both the Scheil model and the lever rule. The mass fractions 
were converted into volume fractions using the Fe-containing IMC densities given in 
Ref. [27] and compared with experimental measurements. 
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Table 4.1: Compositions of the five alloys determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). 
Nominal composition, pct Actual composition, pct 
 Al Si Fe Mn Cu Zn Ti Ni Mg Cr B 
Al-17Si-2Fe Bal. 17.0 2.19 0.01 0.07 0.05 0.03 0.01 <0.005 <0.005 <0.005 
Al-17Si-2Fe-0.5Mn Bal. 16.8 2.18 0.54 0.07 0.05 0.03 0.01 <0.005 <0.005 <0.005 
Al-17Si-2Fe-1Mn Bal. 16.8 2.17 1.04 0.07 0.05 0.03 0.01 <0.005 <0.005 <0.005 
Al-17Si-2Fe-1.5Mn Bal. 16.6 2.15 1.57 0.07 0.05 0.03 0.01 <0.005 <0.005 <0.005 
Al-17Si-2Fe-2Mn Bal. 16.6 2.13 2.03 0.07 0.05 0.03 0.01 <0.005 <0.005 <0.005 
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Fig. 4.1: Illustration of the experimental set up consisting of: (1) ultrasonic transducer; 
(2) ultrasonic waveguide; (3) ultrasonic sonotrode; (4) crucible; (5) melt; (6) insulation; 
(7) ultrasonic generator; (8) thermocouple and (9) movable stand. 
 
4.4 Results 
4.3.1 Microstructure 
The alloy ingot that solidified without USMT exhibited three distinct regions (I-III) as 
shown in Fig. 4.2a, while applying USMT led to a homogeneous alloy ingot (Fig. 4.2b). 
Fig. 4.3 shows detailed microstructural observations from the top (Region I) and central 
(Region II) regions of each ingot that contained different levels of Mn and solidified 
without USMT. The top regions consisted of primary Si particles and a eutectic mixture 
of α-Al, Si and Fe-containing IMCs1. The platelet-like IMCs that formed in the base 
alloy (Fig. 4.3a) were progressively replaced by Chinese script-like IMCs with 
increasing Mn content from 0.01 to 2.0 pct. The central region contained few primary 
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Si particles as shown in Fig. 4.3a’-e’ but the presence of the IMCs was similar to that 
observed in the top region with respect to different Mn contents. 
 
1According to Refs. [109, 180], primary Fe-containing IMCs refer to those that are 
larger than the size of the eutectic Si phase while those that have the same size of the 
eutectic Si phase are denoted as co-eutectic IMCs. 
 
We focus on comparing the microstructures in the bottom region with and without 
USMT since in the absence of USMT most primary IMCs segregated to the bottom of 
each ingot. The observations are shown in Fig. 4.4. Increasing the Mn content from 0.01 
to 2 pct markedly changed the morphology of the primary IMCs as expected. For 
example, both platelet-like and blocky IMCs existed in the base alloy (Fig. 4.4a). An 
addition of 0.5 pct Mn suppressed the formation of platelet-like IMCs, where the blocky 
IMCs still formed (Fig. 4.4b). Star-like and blocky IMCs co-existed with further 
increasing the Mn content to 2 pct, with the former being prominent at ≥ 1 pct Mn 
(Fig. 4.4c-e). 
 
As shown in Fig. 4.4a’–e’, the Mn content markedly affected both the morphology and 
the size of the primary IMCs in the presence of USMT. For instance, the primary IMCs 
in the base alloy were rod-shaped with USMT (Fig. 4.4a’) but polyhedral IMCs 
emerged and became prevalent with increasing the Mn content (Fig. 4.4b’-e’). In 
particular, all the primary IMCs were polyhedral at 2 pct Mn addition with USMT. 
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Fig. 4.2: Macrostructures of the Al-17Si-2Fe alloy (a) without and (b) with USMT. The 
top (I), middle (II) and bottom (III) regions of the alloy without USMT are indicated by 
the dashed lines. 
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Fig. 4.3: SEM BSE micrographs of Al-17Si-2Fe-xMn alloys without USMT. (a, a’) x 
= 0 pct, (b, b’) x = 0.5 pct, (c, c’) x = 1 pct, (d, d’) x = 1.5 pct and (e, e’) x = 2 pct. The 
left- and right-side micrographs were taken from the top (Region I, Fig. 4.2a) and 
central (Region II, Fig. 4.2a) region of each ingot, respectively. 
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Fig. 4.4: SEM BSE micrographs taken from the bottom region of the Al-17Si-2Fe-xMn 
alloy ingots without and with USMT. (a, a’) x = 0 pct, (b, b’) x = 0.5 pct, (c, c’) x = 
1 pct, (d, d’) x = 1.5 pct and (e, e’) x = 2 pct. The left- and right-side micrographs are 
alloys without and with USMT, respectively. 
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4.3.2 Quantitative Microstructural Analysis 
Fig. 4.5 and 4.6 display the particle size distributions of primary Si particles and 
primary Fe-containing IMCs, respectively, in the five alloys without and with USMT. 
The data are fitted with a log-normal function. The averages, standard deviations and 
standard errors are listed in Table 4.2. Although the data exhibited large standard 
deviations, the small standard error values indicate that enough measurements were 
made for reliable estimates of the particle size distribution. 
 
Most primary Si particles ranged from 40-50 μm in size with USMT, as opposed to 
~70 μm without USMT. Increasing the Mn content from 0.01 to 0.5 pct in the absence 
of USMT nearly tripled the primary Fe-containing IMC size from 44.0 to 129.3 μm. 
Subsequent additions of Mn up to 2 pct further increased the mean size to 156.2 μm but 
with increased deviations (i.e., increased non-uniformity). USMT dramatically refined 
the primary IMCs to ~18 μm with much narrower particle size distributions, irrespective 
of the Mn content (Fig. 4.6 and Table 4.2). Both the size and size distribution of the 
primary IMCs became insensitive to the Mn content due to USMT. 
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Fig. 4.5: Size distributions of primary Si particles in the Al-17Si-2Fe-xMn alloy ingots 
without and with USMT. (a) x = 0 pct, (b) x = 0.5 pct, (c) x = 1 pct, (d) x = 1.5 pct and 
(e) x = 2 pct. 
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Fig. 4.6: Size distributions of the primary Fe containing IMCs in the Al-17Si-2Fe-xMn 
alloy ingots without and with USMT. (a) x = 0 pct, (b) x = 0.5 pct, (c) x = 1 pct, (d) x = 
1.5 pct and (e) x = 2 pct. 
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Table 4.2: The average equivalent size, standard deviation (SD) and standard error (SE) of the primary Si and primary Fe-containing 
IMCs in the five alloys without and with USMT. Data taken from Fig. 4.5 and 4.6. 
Alloy Primary Si Primary Fe-containing IMCs 
 Without USMT With USMT Without USMT With USMT 
 Size, µm SD, µm SE, µm Size, µm SD, µm SE, µm Size, µm SD, µm SE, µm Size, µm SD, µm SE, µm 
Al-17Si-2Fe 68.8 28.8 1.98 48.6 26.2 0.95 44.0 25.7 1.05 17.3 12.5 0.22 
Al-17Si-2Fe-0.5Mn 64.9 24.5 1.14 46.3 24.5 0.79 128.3 63.3 3.65 19.8 18.4 0.29 
Al-17Si-2Fe-1.0Mn 70.2 28.2 1.37 45.0 24.5 0.80 135.9 72.7 3.72 18.0 16.5 0.23 
Al-17Si-2Fe-1.5Mn 69.9 27.9 1.54 44.2 22.8 0.80 146.3 81.8 4.21 16.5 13.5 0.17 
Al-17Si-2Fe-2Mn 71.3 28.9 1.38 42.4 22.0 0.64 156.2 79.1 3.93 16.7 13.8 0.16 
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Fig. 4.7(a, b) shows the number densities of the primary Si particles and Fe-containing 
IMCs in the five alloys without and with USMT. Because the primary phase particles 
segregated to different regions of the ingots in the absence of USMT, the total number 
of particles without USMT was averaged from different regions. USMT more than 
doubled the number density of primary Si particles and its effect on the number density 
of the IMCs was far more profound. In addition, the IMC number density increased 
noticeably with increasing Mn content with USMT. 
 
 
Fig. 4.7: Number densities of (a) primary Si particles and (b) of the primary 
Fe-containing IMCs in the five alloy ingots without and with USMT. 
 
4.3.3 Identification of Iron-Containing Intermetallic Compounds 
Table 4.3 summarizes the compositional and crystallographic information of the 
Fe-containing IMCs identified by EDS and EBSD. The primary Fe-containing IMCs in 
the alloys without USMT can be described as platelet-like, blocky or star-like. Both the 
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platelet-like and blocky IMCs exhibited a duplex-phase structure (Fig. 4.8a and b). The 
two phases involved were identified to be the monoclinic β-Al4.5FeSi (space group C2/c 
with lattice parameters a = 6.161 Å, b = 6.175 Å, c = 20.813 Å and β = 90.42 deg [40]) 
and orthorhombic δ-Al3FeSi2 phases (space group Pbcn with lattice parameters a = 
6.061 Å and c = 9.525 Å [47]). The β-Al4.5FeSi phase is more commonly referred to as 
β-Al5FeSi [27]. A few single-phase δ-Al3FeSi2 particles (Fig. 4.8c) also occurred with 
Mn additions. The star-like Fe-containing IMCs were identified as the cubic 
α-Al19Fe4MnSi2 phase (space group Im3 with lattice parameter a =12.56 Å [51]) 
(Fig. 4.8d). Other possible compositions for this phase include Al15(Fe,Mn)3Si2 [27], 
Al19(Fe,Mn)5Si2 [194] and Al12(Fe,Mn)3Si [39]. The EDS results indicated that the 
Al:Fe:Mn:Si ratio was closest to Al15(Fe,Mn)3Si2. Hence, this phase will be referred to 
as α-Al15(Fe,Mn)3Si2 throughout this paper. 
 
The Fe-containing IMCs in the alloys with USMT became mostly rod-like or 
polyhedral. The rod-like IMCs were single-phase β-Al5FeSi (Fig. 4.9a) or 
δ-Al3FeSi2/β-Al5FeSi duplex-phases (Fig. 4.9b), while the polyhedral IMCs (Fig. 4.9c) 
were α-Al15(Fe,Mn)3Si2.phase. 
 
It should be noted that Mn replaced Fe in the Fe-containing IMCs. The 
α-Al15(Fe,Mn)3Si2 phase consumed the most Mn, followed by the δ-Al3FeSi2 phase, and 
then the β-Al5FeSi phase. The replacement of Fe by Mn in each phase showed 
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significant variations but increased with increasing Mn addition up to ~58 pct 
substitution (Table 4.3). 
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Table 4.3: EDS and EBSD identification of the primary Fe containing IMCs in the alloys without and with USMT. 
Condition Structure EDS composition, at. pct Phase identified by EBSD 
  Al Si Fe Mn  
Without USMT 
Platelet-like (inner) 52.8 30.6 16.5 0.0 Orthorhombic δ-Al3FeSi2 [47] 
Platelet-like (outer) 65.4 19.3 15.3 0 Monoclinic β-Al5FeSi [40] 
Blocky (inner) 50.8 32.7 16.5-11.3 0-5.2 Orthorhombic δ-Al3FeSi2 [47] 
Blocky (outer) 65.3 19.6 15.1-12.7 0-2.9 Monoclinic β-Al5FeSi [40] 
Star-like 70.7 11.8 9.8-7.4 7.7-10.1 Cubic α-Al15(Fe,Mn)3Si2 [51] 
With USMT 
Rod-like (inner) 51.1 32.6 16.3-12.7 0-3.6 Orthorhombic δ-Al3FeSi2 [47] 
Rod-like (outer) 65.9 19.0 15.1-13.3 0-1.8 Monoclinic β-Al5FeSi [40] 
Rod-like 65.8 19.0 15.2-13.9 0-1.3 Monoclinic β-Al5FeSi [40] 
Polyhedral 71.3 11.7 10-7.2 7.0-9.8 Cubic α-Al15(Fe,Mn)3Si2 [51] 
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Fig. 4.8: SEM BSE micrographs and EBSD phase mapping of typical Fe-containing 
IMCs in the five alloys without USMT. (a) Duplex platelet, (b) duplex blocky, (c) 
single-phase blocky and (d) star-like. 
 
 
Fig. 4.9: SEM BSE micrographs and EBSD phase mapping of typical Fe-containing 
IMCs in the five alloys with USMT. (a) Single-phase rod-like, (b) duplex rod-like and 
(c) polyhedral. 
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Fig. 4.10 shows examples of determining the volume fractions of the Fe-containing 
IMCs from the EBSD maps. The results are listed in Table 4.4. The major IMC in the 
base alloy without USMT is the β-Al5FeSi phase. However, it changes to the δ-Al3FeSi2 
phase with an addition of 0.5 pct Mn. With further additions of Mn, the volume 
fractions of the δ-Al3FeSi2 phase and the α-Al15(Fe,Mn)3Si2 phase changed in opposite 
directions. With the application of USMT, increasing Mn content consistently reduced 
the presence of β-Al5FeSi phase accompanied by an increase in the α-Al15(Fe,Mn)3Si2 
phase. It is noted that the volume fraction of the δ-Al3FeSi2 phase remained close to 
zero in the five alloys with USMT. 
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Fig. 4.10: Example of EBSD phase mapping at low magnification: (a, b) SEM BSE 
micrograph of the Al-17Si-2Fe-1Mn alloy without and with USMT, respectively. (c, d) 
The corresponding EBSD phase maps showing δ-Al3FeSi2 (red), β-Al5FeSi (blue) and 
α-Al15(Fe,Mn)3Si2 (green). 
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Table 4.4: EBSD phase mapping results near the bottom of the alloy ingots without and with USMT, showing the average pct of the 
Fe-containing IMCs. Standard deviations are listed in parentheses. 
Condition Alloy Average Fe-containing IMC fractions, pct 
  δ-Al3FeSi2 β-Al5FeSi α-Al15(Fe,Mn)3Si2 Total 
Without 
USMT 
Al-17Si-2Fe 3.5 (1.8) 6.7 (1.4) 0.0 (0.0) 10.2 (1.6) 
 Al-17Si-2Fe-0.5Mn 16.5 (3.1) 2.6 (1.4) 0.0 (0.0) 19.0 (4.0) 
 Al-17Si-2Fe-1.0Mn 16.2 (3.9) 1.3 (0.8) 7.4 (2.6) 24.9 (3.5) 
 Al-17Si-2Fe-1.5Mn 11.9 (4.3) 1.6 (0.7) 20.7 (4.9) 34.2 (4.5) 
 Al-17Si-2Fe-2Mn 3.5 (0.3) 2.3 (1.1) 29.0 (4.8) 34.8 (6.8) 
With USMT Al-17Si-2Fe 0.2 (0.2) 6.3 (1.7) 0.0 (0.0) 6.5 (1.2) 
 Al-17Si-2Fe-0.5Mn 0.7 (0.1) 4.1 (0.5) 1.9 (0.4) 6.7 (0.5) 
 Al-17Si-2Fe-1.0Mn 0.4 (0.3) 2.5 (1.5) 4.9 (0.6) 7.8 (0.7) 
 111 
 
 Al-17Si-2Fe-1.5Mn 0.0 (0.0) 1.4 (0.4) 7.0 (2.0) 8.4 (1.1) 
 Al-17Si-2Fe-2Mn 0.0 (0.0) 0.0 (0.0) 9.1 (1.7) 9.3 (1.7) 
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4.3.4 Thermodynamic Predictions 
Fig. 4.11 shows the vertical section of the Al-Fe-Si-Mn phase diagram at 17 pct Si and 
2 pct Fe but with varying Mn contents, calculated using the PANDATTM software and 
PanAluminum 2018 database. The identity of the Fe-containing IMCs and their 
solidification sequence change with increasing the Mn content. Table 4.5 lists the 
volume fractions of the Fe-containing IMCs at the end of solidification as predicted by 
the Scheil equation and the lever rule (equilibrium). The Scheil equation assumes no 
diffusion in the solid but complete diffusion in the liquid [195]. Different volume 
fractions are obtained from using the Scheil equation and the lever rule, due largely to 
the fact that the Scheil equation does not consider the quasi-peritectic reaction of 
L + δ-Al3FeSi2 → β-Al5FeSi + Si at 598 °C. 
 
An envelope of β-Al5FeSi phase will form around the δ-Al3FeSi2 phase during 
solidification by the peritectic reaction theory [166, 186, 189, 190]. Subsequent 
transformation occurs by solid diffusion through the β-Al5FeSi phase envelope, during 
which the envelope thickens at the expense of the δ-Al3FeSi2 phase and liquid. The 
negligence of this solid diffusion-controlled peritectic transformation by the Scheil 
model results in the δ-Al3FeSi2 phase being retained in the solidified microstructure and 
the β-Al5FeSi phase only forming directly from the liquid. The assumptions of the lever 
rule, on the other hand, imply that the solid diffusion-controlled peritectic 
transformation goes to completion with the δ-Al3FeSi2 phase being completely replaced 
by the β-Al5FeSi phase. Any β-Al5FeSi phase that is predicted to appear in the alloys 
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by the Scheil equation (Table 4.5) forms during the eutectic reaction at ~577 deg C 
(Fig. 4.11). 
 
 
Fig. 4.11: Isopleth of the equilibrium Al-Fe-Si-Mn phase diagram at 17 pct Si, 2 pct Fe 
and with variation of Mn content. 
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Table 4.5: Calculated volume fraction of Fe-containing IMCs at the end of solidification of the five alloys as predicted by the Scheil 
equation and the lever rule. 
Alloy Fe-containing IMC fractions, pct 
 Scheil equation Lever rule 
 δ-Al3FeSi2 β-Al5FeSi α-Al15(Fe,Mn)3Si2 Total δ-Al3FeSi2 β-Al5FeSi α-Al15(Fe,Mn)3Si2 Total 
Al-17Si-2Fe 4.3 1.7 0.0 6.0 0.0 6.5 0.0 6.5 
Al-17Si-2Fe-0.5Mn 3.6 0.9 2.8 7.3 0.0 4.9 2.8 7.7 
Al-17Si-2Fe-1.0Mn 2.5 0.8 5.4 8.7 0.0 3.1 5.8 8.9 
Al-17Si-2Fe-1.5Mn 1.3 0.7 8.1 10.1 0.0 1.4 8.7 10.1 
Al-17Si-2Fe-2Mn 0.4 0.6 10.6 11.6 0.0 0.0 11.5 11.5 
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4.3.5 Comparison with Predictions 
Fig. 4.12a shows the experimentally measured Fe-containing IMC volume fractions in 
the bottom region of each alloy ingot without USMT compared with the predictions. In 
the base alloy without USMT, the β-Al5FeSi phase accounts for ~66 volume pct of the 
total IMCs while the δ-Al3FeSi2 phase accounts for ~34 volume pct. Their respective 
volume fractions lie between the Scheil equation and the equilibrium lever rule 
predictions, indicating that a partial completion of the δ-Al3FeSi2 → β-Al5FeSi 
peritectic transformation occurred due to the slow cooling conditions. The addition of 
Mn to the Al-17Si-2Fe alloy without USMT complicates the solidification process, and 
the IMC fractions between the experiment and predictions deviate (Fig. 4.12a). On the 
one hand, the measured β-Al5FeSi phase fractions are in good agreement with the Scheil 
equation. Yet, on the other hand, the measured δ-Al3FeSi2 phase fractions are greater 
than the upper limit predicted by the Scheil equation. Additionally, the measured 
α-Al15(Fe,Mn)3Si2 phase fractions are less than the lower limit given by the Scheil 
equation or the lever rule. These results suggest that the non-equilibrium δ-Al3FeSi2 
phase formed in preference to the stable α-Al15(Fe,Mn)3Si2 phase in the alloys with Mn 
additions and without USMT. 
 
Fig. 4.12b shows the experimentally obtained Fe-containing IMC fractions in the alloys 
with USMT compared with the predictions. In the alloys solidified with USMT, our 
previous work [191] confirmed a uniform dispersion of primary Fe-containing IMCs in 
the entire ingot. Hence, direct comparison between measurements and predictions can 
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be made. Both the Scheil equation and the equilibrium calculations give similar 
predictions for the fractions of the α-Al15(Fe,Mn)3Si2 phase and match the measured 
values. The measured fractions of the δ-Al3FeSi2 and β-Al5FeSi phases correlate well 
with those calculated from the equilibrium calculations. These observations indicate 
that the equilibrium quantities of the different Fe-containing IMCs can be obtained 
under USMT conditions. 
 
 
Fig. 4.12: The experimentally measured Fe-containing IMC volume percentages in the 
bottom region of each alloy ingot (a) without and (b) with USMT compared with 
predictions made from the Scheil equation and the lever rule. Direct comparison 
between the measured values for the alloys without USMT with the predictions is 
unsuitable due to macro-segregation. For fair comparison, the IMC fractions were 
normalized with respect to the total fraction of IMCs for the corresponding alloy. 
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4.5 Discussion 
4.5.1 Iron-Containing Intermetallic Compound Formation 
Primary Fe-containing IMCs were observed mainly in the lower part of each alloy ingot 
without USMT due to their higher densities (3300-3550 kg m-3 [27]) than that of the 
liquid Al (2385 kg m-3 for pure Al at 600 °C [177]). The addition of 0.5 pct Mn to the 
Al-17Si-2Fe alloy without USMT changed the platelet-like δ-Al3FeSi2/β-Al5FeSi 
duplex-IMCs to blocky shapes. Further additions of Mn up to 2 pct introduced star-like 
α-Al15(Fe,Mn)3Si2 phase particles (Fig. 4.4a-e). As indicated by Fig. 4.11, an addition 
of more than 1.7 pct Mn can completely transform the primary Fe-containing IMCs into 
the α-Al15(Fe,Mn)3Si2 phase. Despite this, relatively large quantities of the δ-Al3FeSi2 
and β-Al5FeSi phases were still present at 2 pct Mn addition. In addition, without 
USMT, the number density of the primary Fe-containing IMCs remained essentially 
unchanged with increasing Mn content (Fig. 4.7b). Consequently, the IMC particle size 
increased due to the increased volume fraction, accompanied by macro-segregation due 
to the difference in density between the IMCs and the Al melt. The positive effect of 
Mn on modifying the morphology of the Fe-containing IMCs is thus partially offset by 
these issues. 
 
USMT can induce extensive mixing of the melt, thereby preventing the Fe-containing 
IMCs from sinking rapidly. The addition of Mn gradually replaced the rod-like IMCs 
with more compact polyhedral α-Al15(Fe,Mn)3Si2 phase particles (Fig. 4.4a’-e’). In 
addition, the average size of the IMCs in the alloys with USMT was kept mostly 
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unchanged with increasing Mn additions (Table 4.2). Consequently, the increased 
volume fraction of Fe-containing IMCs with increasing Mn content corresponded to an 
increase in the Fe-containing IMC number density (Fig. 4.7b). USMT can increase the 
effective nuclei in the melt by cavitation due to activation of potential nucleating 
particles [24, 157, 193], pressure changes [153, 196] or cavitation-induced 
fragmentation [158, 192]. This is the key role of USMT. It is clear from this study that 
USMT has significantly increased the number density of the primary IMCs with respect 
to each level of Mn addition (Fig. 4.7b). Also, the number density further increased 
appreciably with increasing Mn content with USMT (Fig. 4.7b). All three mechanisms 
can be assumed to be active in this study for the significant benefit observed since 
USMT was applied through the nucleation and growth stages of the IMCs [152]. 
 
4.5.2 Iron-containing Intermetallic Compound Selection 
USMT facilitated the formation of not only thermodynamically stable Fe-containing 
IMCs but also their equilibrium quantities. Two main explanations can be provided for 
this observation. Firstly, USMT substantially promotes the nucleation of Fe-containing 
IMCs so that their solidification starts close to their equilibrium freezing 
temperature [139]. Consequently, the solidification pathway is effectively close to the 
phase diagram pathway. Secondly, USMT permits a close-to-equilibrium 
transformation of most of the δ-Al3FeSi2 phase to the β-Al5FeSi phase by enhancing the 
peritectic δ-Al3FeSi2 → β-Al5FeSi transformation [191]. 
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The effect of USMT on the extent of the diffusion-driven peritectic transformation can 
be assessed by the Fourier number, α [197, 198]: 
𝛼 =
1
𝐿2
∫ 𝐷𝑠(𝑇)
𝑡0
0
𝑑𝑡                       (4.1) 
where Ds is the diffusion coefficient in the solid, t0 is time available for solid diffusion 
and L is the diffusion length. α may vary from zero (no solid diffusion, i.e., Scheil 
equation) to infinity (instantaneous solid diffusion, i.e., lever rule) [195]. L is typically 
65 and 8 µm for the alloys without and with USMT, respectively, and t0 is ~2.75 × 103 
s for both conditions. It is noted that L and t0 have been measured experimentally. Due 
to the lack of data on the diffusion in the β-Al5FeSi phase, the values for diffusion in 
α-Al are used. Only the diffusion of Fe is considered here since Fe diffusion in α-Al is 
a few orders of magnitude less than that of Si and Mn [199]. The Ds value of Fe in α-Al 
can be expressed as [199]: 
𝐷𝑆 = 3.62 × 10
−1 exp (−
214×103
𝑅𝑇
) m2 s-1                (4.2) 
where T is the absolute temperature and R is the gas constant. The α value associated 
with the peritectic transformation in the alloys without USMT is ~0.002, indicating very 
limited solid diffusion. The results in Fig. 4.12b suggest that α approached infinity for 
the alloys with USMT. However, α was calculated to be only ~0.1. This implies that the 
diffusion in the β-Al5FeSi phase envelope increased under USMT conditions, so that α 
increased dramatically. In fact, ultrasound has been previously found to accelerate 
diffusion processes {Guo, 2005 #1939}. Therefore, it is proposed that USMT ensured 
the equilibrium IMC fractions by: (1) promoting the nucleation of the Fe-containing 
IMCs, and thereby favoring a solidification path expected from the equilibrium phase 
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diagram; and, (2) enhancing the peritectic δ-Al3FeSi2 → β-Al5FeSi transformation by 
affecting the associated diffusion length and diffusion coefficients. 
 
Finally, there exist practical limitations of applying USMT through the solidification 
range of an alloy for conventional casting processes, particularly for complex castings. 
One option is to use specially designed molds, which contain an array of gas-or water-
cooled ultrasonic sonotrodes in the mold walls. This approach has been demonstrated 
by Liu et al. [200] on a cast steel alloy poured at 1600 °C. The second option is to take 
advantage of the semi-solid casting process. Commercial hypereutectic Al-Si based 
alloys have been employed for semi-solid injection molding of complex parts. The 
optimal temperatures of these alloys for feedstock are 560–590 °C, as reported by 
Jorstad et al. [201]. In general, the fluidity of an ultrasonicated melt improves due to 
ultrasonication being able to effectively change the undesirable morphology of the 
IMCs and disperse them in the liquid. In either case, it is a practically important topic 
that deserves a systematic study for the application of USMT. 
 
4.6 Conclusions 
• Manganese (Mn) addition alone was not a preferred option for modifying the iron 
(Fe)-containing intermetallic compounds (IMCs) in Al-Si based alloys. It resulted 
in macro-segregation and formation of coarse IMCs. In addition, it was unable to 
transform all δ-Al3FeSi2/β-Al5FeSi IMCs into the α-Al15(Fe,Mn)3Si2 phase. 
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• The combination of ultrasonic melt treatment (USMT) and 2 wt pct Mn addition 
avoided all the undesired issues observed. The resultant microstructure was featured 
by fine, uniformly distributed polyhedral α-Al15(Fe,Mn)3Si2 phase particles. 
• The volume fraction of the different Fe-containing IMCs was quantified in this study 
and compared with predictions made from the Scheil equation and the equilibrium 
lever rule. In the absence of USMT, neither the Scheil equation nor the lever rule 
method offered reasonable predictions. Conversely, the measured volume fractions 
of the Fe-containing IMCs with USMT closely agreed with the lever rule 
predictions. 
• It was proposed that USMT allowed a solidification path close to that expected from 
the equilibrium phase diagram. Additionally, USMT enhanced the peritectic 
δ-Al3FeSi2 → β-Al5FeSi transformation by affecting the associated diffusion 
distance and diffusion coefficients. Both effects explain why the experimental IMC 
volume fractions agreed well with the equilibrium phase predictions. 
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Chapter 5: Laser Re-Melting of an Al-19Si-4Fe 
Alloy 
 
5.1  Brief Summary 
The formation of iron (Fe)-containing intermetallic compound (IMC) particles in a laser 
processed Al-19Si-4Fe alloy (in wt%) is studied. Laser processing of the cast material 
replaces pre-eutectic platelet-like δ-Al3FeSi2 IMCs (length up to 500 μm) with a strong 
three-dimensional interconnected network of co-eutectic δ-Al3FeSi2 IMCs (length of 
~2 μm). The laser processed sample exhibits a tensile strength and elongation to failure 
of 315 MPa and 1.0%, respectively, compared to 31 MPa and 0.2% for the cast sample. 
This indicates that laser processing is an effective approach to enable mechanical 
integrity and performance of high Fe-containing hypereutectic Al-Si based alloys. 
 
5.2  Introduction 
During recycling of metals, scrap material is incorporated, invariably increasing the 
impurity content of the recycled metal alloy streams [202]. The increase of Fe impurity 
is particularly important in recycling of Al, where Fe has a noticeably low solubility in 
solid Al (0.05% maximum [28], in wt% throughout unless otherwise stated), leading to 
the formation of Fe-containing intermetallic compound (IMC) particles [27, 29]. These 
particles limit the scope of critical applications for recycled Al due to acting as crack 
initiation sites, causing catastrophic failure of structures. Much research has focused on 
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modifying the size, dispersion and composition of harmful Fe-containing IMC particles 
towards more recycling-friendly Al alloys with preserved structural performance. 
Modifying Fe-containing IMC particles in Al alloys is generally achieved by three 
routes: (1) chemical addition (e.g., Mn [101] or Cr [121], etc.), (2) physical melt 
processing (ultrasonic treatment [191, 203], intensive shearing [204], electromagnetic 
stirring [205], etc.) and/or (3) near-rapid or rapid solidification [128]. 
 
The rapid extraction of thermal energy from the melt during near-rapid or rapid 
solidification technologies has opened new routes for Al alloy design by enabling 
greater constitutional and microstructural flexibility than other fabrication processes. 
For instance, Fe has a deleterious effect on the mechanical performance of 
conventionally cast Al-Si based alloys due to the presence of large (up to millimeters in 
length) platelet-like Fe-containing IMC particles [31]. In contrast, when rapidly 
solidified, IMC particles in these alloys may be strongly refined thereby converting 
them into effective structural reinforcements for improved alloy mechanical 
properties [124, 126, 127]. For example, the addition of 5% Fe to a rapidly solidified 
hypereutectic Al-Si based alloy produced finely dispersed Fe-containing IMC particles, 
improving the room and high temperature yield stress of the rapidly solidified alloy by 
~13% and ~128%, respectively [124]. Hence, rapidly solidified Fe-modified 
hypereutectic Al-Si based alloys have attracted great attention globally for 
high-performance applications [6, 124, 126-134, 206-209] and present an opportunity 
to increase the utilization of recycled Al for high-value components. 
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Recently, interest has grown in fabricating engineering alloys by laser processing. The 
techniques principally used are laser surface re-melting [210-212] and laser additive 
manufacturing (LAM) [213-215], both of which involve solidification at near-rapid and 
rapid rates. To the authors’ knowledge, only one study has investigated laser processing 
of an Fe-modified Al based alloy [13]. The Al-20Si-5Fe-3Cu-1Mg alloy showed a 
promising response to LAM, where ~10 μm Fe-containing IMC particles occurred in 
the LAM-fabricated sample, compared to >100 μm in the conventionally cast alloy 
counterpart; however, mechanical properties were not reported. Additionally, recent 
research has revealed that the three-dimensional (3D) architecture of IMC particles in 
different alloy systems, including Al7Cu4Ni, Al2Cu, FeNiAl9 in an Al based alloy [216] 
and Laves phases in a Mg based alloy [217], plays a key role in determining the 
mechanical properties of the material. Although, the 3D architecture of Fe-containing 
IMC particles in rapidly solidified Al based alloys has not been reported to date. 
 
In the present work, the Fe-containing IMC particles in a cast and laser processed 
Al-19Si-4Fe alloy are compared. This work focuses on the effects of laser processing 
on the identity, formation and 3D morphology of the Fe-containing IMC particles. Laser 
processing is found to replace pre-eutectic platelet-like δ-Al3FeSi2 IMC particles with 
a fine, essentially fully-interconnected network of co-eutectic δ-Al3FeSi2 IMC particles. 
This development enables excellent tensile performance of the alloy, which tackles a 
critical challenge in adopting recycled Al for structural applications. 
 125 
 
5.3  Experimental 
5.3.1 Materials 
An Al-19Si-4Fe alloy was prepared from pure Al ingot (99.7%), Si lump (99.5%) and 
Al-24.5Fe master alloy ingot. The raw materials were melted in a boron nitride-coated 
clay-graphite crucible placed in a resistance furnace and cast into an iron mold 
(~120 × 45 × 45 mm in size) at 770 °C. A 45 mm × 20 mm × 10 mm (length, width, 
thickness) sample was cut from the ingot and polished using 1200 grit SiC paper. 
 
A single laser track was laid on the polished surface of the sample using a 3-kW disk 
laser (Trumpf, TruLaser Cell 7020). The laser operated with a power of 2 kW, spot size 
of 2 mm and scan speed of 600 mm min-1. Argon shielding gas with a flow rate of 
16 L min-1 was used to reduce oxidation during melting. 
 
5.3.2 Characterization 
The sample was cut transverse to the laser track direction. Then it was prepared for 
microstructural characterization by standard techniques with the final polishing by 
0.04 μm colloidal silica suspension. The microstructure was examined by scanning 
electron microscopy (SEM, FEI, Verios 460L) in the backscattered electron (BSE) 
mode. For identifying the crystallography of the Fe-containing IMC particles, 
conventional X-ray diffraction (XRD, Bruker, D4 Endeavor) was used for the cast 
material while micro X-ray diffraction (µXRD, Bruker, D8 Discover) was used for the 
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laser track. It is noted that a beam spot size of 500 µm was used during µXRD to probe 
the re-melted region only. Electron-transparent lamella were prepared using focused ion 
beam-scanning electron microscopy (FIB-SEM, FEI, Scios-DualBeam) and were 
examined using scanning transmission electron microscopy (STEM, JEOL, 2100F) 
linked with energy dispersive X-ray spectroscopy (EDS, Oxford Instruments, X-Max 
20). 
 
The 3D volume of the laser processed sample was characterized using FIB-SEM serial 
sectioning. Slices of about 25 nm were cut off the sample by a Ga ion beam. Each cut 
section was imaged in the segmented lower in-lens (T1) and upper in-lens (T2) modes. 
The image analysis software ImageJ [218] and the plugin StackReg 
(http://bigwww.epfl.ch/thevenaz/stackreg/) were used to align each image, segment 
different phases and reconstruct the tomograms. The 3D volume of the cast sample was 
evaluated by the procedure presented and discussed in detail elsewhere [219]. 
 
5.3.3 Mechanical Testing 
The local tensile properties, i.e., full stress-strain curves, of the laser processed alloy 
were determined by micro-flat tensile tests [220, 221]. It should be noted here that, 
compared to tensile test according to EN 10002-1, micro-flat tensile testing gives 
reasonably consistent yield stress and tensile strength values but the strain-to-failure 
measurement may be overestimated by up to 15% [221]. Fig. 5.1 shows a schematic 
description of a micro-flat tensile specimen being extracted from the laser processed 
 127 
 
sample. First, adjacent laser tracks with 50% overlap were laid on the surface of the cast 
sample. Then the samples were cut parallel to the laser tracks and micro-flat tensile 
specimens with a gauge length of 12 mm, width of 2 mm and thickness of 0.5 mm were 
extracted. For comparison, the cast sample was cut into flat tensile specimens with the 
same dimensions as the laser processed specimens but with a thickness of 1 mm. Tensile 
testing with an initial strain rate of 2.5 × 10-4 s-1 was performed on three specimens per 
condition using a universal testing machine (MTS, 810) equipped with a non-contact 
laser extensometer (MTS, LX500). The microhardness of the alloy was measured using 
a digital microhardness tester (Future-Tech, FV-700). 
 
 
Fig. 5.1: Extraction of a micro-flat tensile specimen (12 mm gauge length, 2 mm width 
and 0.5 mm thickness) for determining the local tensile properties of the laser re-melted 
alloy. 
 
5.4  Results 
5.4.1 Microstructure 
An Al-19Si-4Fe alloy sample was prepared by conventional casting and then laser 
processed (see ‘Experimental’ section). To investigate if the phase identity of the 
 128 
 
Fe-containing IMC particles in the alloy changed by laser processing, XRD analyses 
were performed on the cast and laser processed samples (Fig. 5.2a, b). The IMC 
particles are identified as the δ-Al3FeSi2 phase in both samples, indicating that the laser 
processing did not trigger alternate IMC phase selection. 
 
To assess the effect of laser processing on the microstructure of the Al-19Si-4Fe alloy, 
the cross section of the processed sample was observed by SEM (Fig. 5.2c-e). As shown 
in Fig. 5.2c, the microstructure of the laser processed region is different from the cast 
region. Laser processing of the cast sample produces a re-melted region of ~2 mm wide 
and ~0.5 mm deep with no cracks or significant porosity (Fig. 5.2c). In the cast material 
region, the δ-Al3FeSi2 IMC particles (white particles) have an elongated platelet-like 
morphology (up to ~500 µm in length) and appear mostly pre-eutectic phases rather 
than co-eutectic phases1 (Fig. 5.2c). In contrast, after laser processing, the δ-Al3FeSi2 
IMC particles become undistinguishable at this magnification (Fig. 5.2c). Fig. 5.2d, e 
show higher magnification SEM images of the central zone of the re-melted region 
shown in Fig. 5.2c. Laser processing replaces all of the pre-eutectic IMC particles with 
well-dispersed IMC particles of around one micrometer in length (Fig. 5.2e). 
1Pre-eutectic forming Fe-containing IMC particles refer to those that are larger than the 
scale of the eutectic Si phase while those that share the same scale of the eutectic Si 
phase are denoted as co-eutectic forming Fe-containing IMC particles [109, 180]. 
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Fig. 5.2: Laser processing of the Al-19Si-4Fe alloy. (a, b) XRD spectra collected from 
the cast (a) and laser processed (b) alloy (labels: Al = α-Al, Si = silicon and δ = 
δ-Al3FeSi2). (c) SEM BSE image of the polished cross section of the laser processed 
alloy. (d, e) SEM BSE images taken from the center of the laser processed region shown 
in (c). 
 
To further understand the formation of the Fe-containing IMC particles in the laser 
processed Al-19Si-4Fe alloy, STEM (Fig. 5.3a) together EDS (Fig. 5.3b-f) was carried 
out to obtain higher magnification images of the interdendritic spaces of the α-Al 
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matrix. The results show α-Al dendrite arms (Fig. 5.4c) surrounding a primary Si 
particle of ≥2 µm in size (Fig. 5.3d). The interdendritic regions contain Si plates 
(Fig. 5.3d) and Fe-containing IMC particles (Fig. 3e) having a ratio Fe:Si of ~1:1.9 
(Fig. 5.3f), consistent with the δ-Al3FeSi2 phase. 
 
1Pre-eutectic forming Fe-containing IMCs refer to those that are larger than the scale of 
the eutectic Si phase while those that share the same scale of the eutectic Si phase are 
denoted as co-eutectic forming Fe-containing IMCs [109, 180]. 
 
 
Fig. 5.3: Analysis of Fe-containing IMC particles within the interdendritic spaces of the 
laser processed Al-19Si-4Fe alloy. (a-e) STEM analysis including bright-field 
(BF)-STEM image (a) and corresponding EDS mapping for overlaid Al, Si and Fe (b), 
Al (c), Si (d) and Fe (e). (f) EDS line profile generated along the arrow in (a). 
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5.4.2 3D Morphology of Fe-Containing IMC Particles 
To investigate the effect of laser processing on the 3D architecture of the Fe-containing 
IMC particles in the Al-19Si-4Fe alloy, serial sectioning tomography was employed on 
the cast and laser processed samples (Fig. 5.4). A rendered 3D microstructure depicting 
special distribution the IMC particles in the cast sample was obtained by serial 
sectioning of optical imaging data (Fig. 5.4 a, b). This render was digitally segmented 
to completely remove the Al matrix and Si phase. Seven individual IMC particles are 
visualized using 30 montage serial sections, with each particle individually colored. 
Note that six of the seven particles are truncated by the first and last serial sections. The 
IMC particles are disconnected from each other and display a platelet-like morphology. 
 
3D FIB-SEM tomography of the IMC particles in the laser processed region of the 
alloys has been performed. Fig. 5.4 c, d shows two views of a volume segment of the 
rendered 3D microstructure of the alloy containing only the Fe-containing IMC 
particles. This volume segment was collected from a stack of 251 montage serial 
sections. Most of the IMC particles in this microstructure are interconnected, as opposed 
to the individual particles in the cast alloy microstructure (Fig. 5.4a, b). To highlight 
this, the interconnected particles in the laser processed microstructure are colored in 
red, while individual particles are colored in blue. The interconnected particles comprise 
95% of the entire intermetallic volume. Fig. 5.4c shows an Fe-containing IMC particle 
extracted from the volume segment of the 3D microstructure of the laser processed alloy 
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in Fig. 5.4b. The particle from the laser processed alloy is about two orders of magnitude 
smaller in size than the particles from the cast alloy. 
 
 
Fig. 5.4: 3D reconstruction of Fe-containing intermetallic particles in the Al-19Si-4Fe 
alloy samples. (a) Optical tomography image of the Fe-containing IMCs in the cast 
alloy. (b) FIB-SEM tomography image of the Fe-containing IMCs in the laser processed 
alloy. (c) show an Fe-containing IMC extracted from the volume in (b). 
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5.4.3 Mechanical Properties 
To study the change in hardness of the Al-19Si-4Fe alloy by laser processing, the 
Vickers microhardness is measured horizontally across the laser re-melted region at a 
step size of 250 µm (Fig. 5.5a). The average hardness of the cast material is ~74 HV 
compared to ~173 HV at the center region of the laser re-melted region. Fig. 5.5b shows 
the tensile engineering stress-strain curves of the cast and laser processed specimens. 
The tensile properties are listed in Table 5.1. The tensile properties of some commercial 
‘workhorse’ hypereutectic Al-Si based alloys are also included for comparison. The cast 
alloy retains almost no strength or ductility. In contrast, the laser processed alloy 
exhibits a superior yield stress and tensile strength than the common commercial 
hypereutectic Al-Si alloys without compromising ductility (Fig. 5.5c). Therefore, laser 
re-melting is effective for enabling mechanical integrity and excellent tensile properties 
of the Al-19Si-4Fe alloy. 
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Fig. 5.5: Effect of laser processing on the mechanical response of the Al-19Si-4Fe 
alloy. (a) Microhardness distribution measured horizontally along the re-melted region 
of the laser processed sample. (b) Tensile engineering stress-stain curves of the cast and 
laser processed samples. 
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Table 5.1: The tensile properties of the as-cast and laser re-melted Al-19Si-4Fe alloy 
in this work compared to some commercial hypereutectic Al-Si alloys. 
Sample 
0.2% yield 
stress, MPa 
Tensile 
strength, 
MPa 
Strain to 
failure,% 
Sand cast A390 alloy [222] 179 179 <1 
Permanent die cast A390 
alloy [222] 
200 200 <1 
High pressure die cast B390 
alloy [222] 
241 279 1 
Cast Al-19Si-4Fe alloy - 31 ± 4 0.2± 0.02 
Laser processed Al-19Si-4Fe alloy 251± 7 315 ± 1 1.0± 0.08 
 
5.5  Discussion 
5.5.1 As-Cast Alloys 
The tensile integrity of the as-cast Al-19Si-4Fe alloy in this work was almost completely 
compromised by the addition of Fe (Table 5.1). Several critical reviews on the effect of 
Fe content on the mechanical properties of Al-Si based alloys exist [2-5]. The general 
consensus is that Fe content up to ~0.8 pct may be beneficial to mechanical properties 
since the Fe-containing IMCs occur as co-eutectic IMCs. On the other hand, the strength 
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and elongation drop rapidly above ~0.8 pct Fe since the Fe-containing IMCs occur as 
coarse pre-eutectic IMCs. The pre-eutectic IMCs are highly susceptible to cracking and 
decohesion from the matrix, contributing to increased brittleness and reduced tensile 
properties [31]. Hence, the large pre-eutectic δ-Al3FeSi2 IMCs (length >100 μm) in the 
as-cast Al-19Si-4Fe alloy can be considered responsible for the alloys lack of tensile 
integrity. 
 
5.5.2 Laser Re-Melted Alloys 
Laser re-melting of the Al-19Si-4Fe alloy replaced pre-eutectic δ-Al3FeSi2 IMCs with 
co-eutectic δ-Al3FeSi2 IMCs. This has not been observed previously in rapidly solidified 
Fe-modified hypereutectic Al-Si alloys, including those fabricated by gas 
atomization [125, 127, 128, 206], spray forming [6, 124, 129-134, 209] and LAM [13]. 
This indicates that the solidification conditions in the laser re-melted Al-19Si-4Fe alloy 
were particularly well suited for controlling the formation of Fe-containing IMCs. 
Consequently, a strong 3D interconnected network of co-eutectic platelet-like 
δ-Al3FeSi2 IMCs developed in the matrix. 
 
The laser re-melted Al-19Si-4Fe alloy showed the highest hardness compared to the 
other laser re-melted alloys, owing to its finer microstructure. In addition, the tensile 
properties of the Al-19Si-4Fe alloy substantial improved by laser re-melting. Laser 
re-melting replaced pre-eutectic δ-Al3FeSi2 IMCs with a 3D interconnected network 
architecture of co-eutectic δ-Al3FeSi2 IMCs. Such a structure is likely to be responsible 
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for the excellent tensile performance of the alloy due to the load transfer from the α-Al 
matrix to the rigid, highly interconnected platelet IMCs, as demonstrated previously in 
other Al alloy systems [223]. 
 
5.6  Conclusions 
• The Al-19Si-4Fe alloy exhibited successful laser processing by laser re-melting with 
no cracking or major porosity. 
• The microstructure of the cast Al-19Si-4Fe alloy (in wt%) consisted of pre-eutectic 
δ-Al3FeSi2 intermetallic compounds (IMCs) (length up to 500 μm). In contrast, the 
pre-eutectic δ-Al3FeSi2 IMCs were essentially completely suppressed in laser 
processed alloy and a strong three-dimensional (3D) interconnected network of 
co-eutectic δ-Al3FeSi2 IMCs (length ~2 µm) appeared instead. 
• The as-cast Al-19Si-4Fe alloy exhibited a tensile strength and elongation to failure 
of 31 MPa and 0.2%, respectively. In comparison, the laser re-melted alloy showed 
a tensile strength and elongation to failure of 315 MPa and 1.0%, respectively, 
which are superior to commercial hypereutectic Al-Si based cast alloys. This 
suggests that laser processing is an effective approach to enable excellent 
mechanical integrity and performance of high Fe-containing hypereutectic Al-Si 
based alloys. 
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Chapter 6: Grain structure control during metal 
3D printing by high intensity ultrasound 
 
6.1 Brief Summary 
Fusion-based metal additive manufacturing (AM) processes typically lead to the 
formation of columnar grain structures along the build direction in most as-built metals 
and alloys. These long columnar grains can cause property anisotropy, which can be an 
important concern for component qualification or targeted application. This work 
demonstrates an AM solidification control solution to creating alloys with an equiaxed 
microstructure and much improved mechanical properties without changing alloy 
chemistry. Using Ti-6Al-4V as a model alloy, we report the utilization of high-intensity 
ultrasound to achieve full transition from columnar grains to fine (~100 µm) equiaxed 
grains in the additively manufactured Ti-6Al-4V samples by laser powder deposition. 
This development results in a 12% improvement in both the as-built yield stress and 
tensile strength compared with the conventional additively manufactured columnar 
Ti-6Al-4V. We further demonstrate the generality of our technique by application to 
nickel-based superalloy Inconel 625, including the ultrasound on-and-off effect on 
grain structure control. We expect that this method has potential relevance to other 
metallic materials that exhibit columnar grain structures during AM. 
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6.2 Introduction 
Fusion-based metal additive manufacturing (AM) processes are featured by small melt 
pools and steep temperature gradients from the solid-liquid interface towards the liquid 
metal. As a result, the solidification process shows a strong epitaxial growth tendency 
from layer to layer while the number of nucleation events is limited due to both the 
absence of potent nucleant particles and the small melt pool volume (consumed quickly 
by epitaxial growth). This leads to columnar grains along the build direction in most 
additively manufactured metallic materials, which cause property anisotropy, reduce 
mechanical performance and increase tendency towards hot tearing. Therefore, a key 
objective for metal AM is to replace coarse columnar grains with fine, equiaxed grains 
throughout the part [213, 224-226]. 
 
The titanium alloy Ti-6Al-4V is the benchmark alloy of the titanium industry and the 
most extensively studied alloy for metal AM [227]. In fact, it has essentially been used 
as a yardstick for assessing the capability of each metal AM process developed to date 
[228]. However, Ti-6Al-4V fabricated by different fusion-based AM processes exhibits 
a strong columnar grain structure [229-232]. Consequently, we first focus on this alloy 
to demonstrate the concept proposed in this study. On this basis, we further apply our 
technique to a selected nickel-based superalloy, Inconel 625, which shows strong 
columnar grains as well by fusion-based AM [233-235], to demonstrate the generality 
of our concept. 
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The columnar prior-β grains in AM-fabricated Ti-6Al-4V feature the strong <001> 
orientation along the build direction. This gives rise to a β → α transformation texture 
[230, 236-240], which is an important concern for AM qualification [241, 242] because 
of the resulting anisotropy of mechanical properties [239, 240, 243-245]. In addition, 
the coarse columnar prior-β grains may further degrade the strength of Ti-6Al-4V 
according to the Hall-Petch relationship established for lamellar α-β Ti-6Al-4V [246-
248] (exceptions can exist [249]). 
 
Introducing potent nucleant particles by inoculation can realize the 
columnar-to-equiaxed transition by the Hunt criterion [250]. Varying the AM process 
parameters to change the thermal gradient G and growth velocity V in the melt pool has 
the potential to achieve equiaxed grains as well [229]. However, the low G values 
required for equiaxed solidification of Ti-6Al-4V are not easily encountered during 
AM. For example, according to the G-V plots established for Ti-6Al-4V [229] and 
Inconel 718 [251], it requires one or two orders of magnitude lower G values to realize 
equiaxed solidification of each alloy during AM. The combination of nucleant particles 
with process control can enlarge the equiaxed region on the G-V plot. This has proved 
particularly effective for AM of Al-based metals via the addition of Al3(Sc, Zr) [252], 
TiB2 [253], Al3Zr [213] and TiC [254] nucleants. Unfortunately, it remains challenging 
to find a stable and potent nucleant for many commercially important alloys. Ti-6Al-4V 
is one such alloy. In fact, the introduction of foreign nucleant particles unavoidably 
changes the chemistry and cleanliness of the alloy. In addition, if the nucleant particles 
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agglomerate together in the liquid metal to form clusters, which is difficult to 
completely avoid, significant undesired side-effects or consequences can occur in 
subsequent processing or demanding applications. In that regard, achieving fine 
equiaxed grains without the assistance of nucleant particles is preferred if practical. 
 
The application of high-intensity ultrasound to crystallization from liquid to solid can 
noticeably affect the properties of the crystalline material [255]. Ultrasonic irradiation 
of liquids can cause acoustic cavitation: the formation, growth and implosive collapse 
of bubbles, which occurs instantly in molten metals (0.00003 s) by recent ultrafast in 
situ synchrotron X-ray imaging of the process [192]. Bubble collapse emits intense, 
localized shock waves of temperatures of ~5000 °C, pressures of ~100 MPa (1000 bar) 
and heating and cooling rates of >1010 °C s-1 [256]. Acoustic cavitation during 
solidification of metal systems agitates the melt to activate nuclei naturally present in 
the alloy [143, 144], proving useful in promoting fine equiaxed grains in welding [16, 
17] and traditional casting processes [150, 167]. However, successful suppression of 
the columnar grain structures during AM by ultrasound has not been reported to date. 
 
Based on our long-term studies of ultrasonic grain refinement of light alloys [149, 167, 
168, 257, 258], we uniquely employ high-intensity ultrasound to control the 
solidification and grain structure of AM-fabricated Ti-6Al-4V. This novel development 
enables complete transition of columnar prior-β grains into equiaxed fine grains 
(~100 µm), leading to a 12% improvement in both the yield stress and tensile strength. 
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We further demonstrate that the proposed approach applies to AM of Inconel 625 and 
therefore anticipate that it can equally apply to the AM of other metallic materials. 
Assessment of the ultrasonic field during AM reveals that the selection of the ultrasonic 
transducer element can be an important practical consideration for ultrasonic grain 
refinement during large-volume AM and a solution is recommended. 
 
6.3 Experimental 
6.3.1 Materials 
Gas-atomized extra low interstitial (ELI) grade Ti-6Al-4V powder of 45-90 µm was 
used for AM by a laser-based DED system (Trumpf, TruLaser Cell 7020). Samples 
consisted of 10 mm × 10 mm × 10 mm cubes for microstructural examination and 
24 mm × 8 mm × 10 mm (length, width and height) blocks for tensile testing. The 
samples without high-intensity ultrasound were built on a Ti-6Al-4V plate using a laser 
power of 250 W, laser spot size of 0.61 mm, scan speed of 600 mm min-1 and overlap 
ratio of 50%. The ultrasound provides additional input power to the melt in the form of 
acoustic power. To prevent overheating of the melt pool, the laser power was reduced 
from 250 W to 150 W by keeping other parameters unchanged. The samples were built 
on the working face of a 25-mm diameter Ti-6Al-4V sonotrode (Fig. 6.1). Detailed 
optical microscopy analysis has revealed that the porosity on the polished cross-sections 
of the Ti-6Al-4V samples with and without ultrasound was similar, in the range of 
0.7-0.9 area%. The sonotrode working face was driven by a 500 W piezoelectric 
transducer (Sonic Systems, L500) operating at 20 kHz. 
 143 
 
Gas-atomized Inconel 625 powder of 45-90 µm was used for AM of Inconel 625 by 
laser-based DED (Trumpf, TruLaser Cell 7020). Cuboidal samples with dimensions of 
10 mm × 10 mm × 5 mm (length, width, height) were built for microstructural 
characterization. The sample without high-intensity ultrasound was built on a 4140 
stainless steel plate using a laser power of 300 W, laser spot size of 0.61 mm, scan speed 
of 600 mm min-1 and overlap ratio of 50%. The sample with ultrasound was built on a 
25-mm diameter 4140 stainless steel sonotrode using the same parameters for the 
sample without ultrasound, other than a reduced laser power of 120 W. 
 
Chemical analysis using inductively coupled plasma-atomic emission spectroscopy 
(ICP-AES) and LECO combustion was done on the Ti-6Al-4V samples with and 
without high-intensity ultrasound to evaluate if any extra interstitial solute was 
introduced into the melt during ultrasonic irradiation. This is because an increase in 
interstitial content may account for both grain refinement due to constitutional 
supercooling [259] and increased strength through solid solution strengthening [260]. 
The results indicate that there was negligible additional interstitial pickup by ultrasound 
(see Table 6.1). 
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Table 6.1: Compositions of Ti-6Al-4V without and with USMT determined by 
ICP-AES and LECO combustion. 
Sample Composition (pct) 
 Ti Al V Fe Cr O N C H 
Without 
USMT 
Bal. 6.01 4.02 0.19 0.01 0.15 0.011 0.01 <0.005 
With 
USMT 
Bal. 6.02 3.98 0.27 0.02 0.14 0.012 0.01 <0.005 
 
6.3.2 Characterization 
The Ti-6Al-4V cube samples were cut in half along the build direction and prepared for 
microstructural characterization by standard techniques with final polishing by 0.04 μm 
colloidal silica suspension. The microstructure was first examined by SEM (FEI, Verios 
460L) in the backscattered electron mode. Then the samples were etched with Kroll’s 
reagent and examined by optical microscopy under polarized light to distinguish the 
prior-β grains by their crystal orientation [261]. The prior-β grain boundaries were 
manually traced and the total number of prior-β grains within each view was divided by 
the area to obtain the prior-β grain number density (mm-2). The images of the traced 
prior-β grains were analyzed using ImageJ software [218] to obtain statistical 
distributions of the prior-β grain size and prior-β grain aspect ratio. Lamellar spacing 
measurements were made on SEM images taken along the build height of each sample 
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by the linear intercept method. Three fields of view were analyzed at each build height 
resulting in ~40 line segments per data point. EBSD analysis (accelerating voltage of 
20 kV, probe current of 13 nA, step size of 0.5 µm, working distance of 15 mm and 
sample-tilt angle of 70°) was conducted using a scanning electron microscope (JEOL, 
JSM-7200F) equipped with an EBSD detector (Oxford Instruments, NordlysMax2). A 
montage of 56 individual tiles of EBSD data comprising a total area of 
~0.6 mm × 1.2 mm per sample was used to obtain the texture data. The orientation 
information of the β phase was reconstructed from the α phase EBSD data using the 
software package ARPGE [262]. 
 
7 The Inconel 625 samples were sectioned along the build direction and prepared for 
microstructural characterization by standard techniques with final polishing by 0.04 μm 
colloidal silica suspension. Microstructural analysis was conducted by EBSD 
(accelerating voltage of 20 kV, probe current of 16 nA, step size of 0.5 µm or 1.5 µm, 
working distance of 15 mm and sample-tilt angle of 70°) using a scanning electron 
microscope (JEOL, JSM-7200F) equipped with an EBSD detector (Oxford Instruments, 
NordlysMax2). 
 
6.3.3 Tensile Testing 
The as-built Ti-6Al-4V block samples were cut into flat tensile specimens transverse to 
the build direction with a gauge length of 12 mm, width of 2 mm and thickness of 1 mm. 
Tensile testing with an initial strain rate of 2.5 × 10-4 s-1 was performed on three 
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specimens per condition using a universal testing machine (MTS, 810) equipped with a 
non-contact laser extensometer (MTS, LX500). 
 
6.4 Results 
6.4.1 Ultrasound during AM 
Ti-6Al-4V samples without and with high-intensity ultrasound were prepared using 
laser-based directed energy deposition (DED). The experimental details are described 
in the ‘Methods’ section. The ultrasound was introduced into the melt by directly 
depositing the alloy on the working surface of the Ti-6Al-4V sonotrode vibrated at 
20 kHz (Fig. 6.1), where the sonotrode material is chosen to be Ti-6Al-4V (for AM of 
another alloy, the sonotrode material can be replaced accordingly). The maximum 
achievable amplitude at the sonotrode face is 30 µm. The ultrasonic intensity I is 
defined by [144]: 
𝐼 =
1
2
𝜌𝑐(2𝜋𝑓𝐴)2                        (6.1) 
where ρ is the liquid density, c is the sound velocity in the liquid, f is the frequency and 
A is the amplitude. The nominal intensity at the sonotrode-melt interface is 
>13 × 103 W cm-2 at A = 30 µm, where ρ = 4208 kg m-3 [263] and c = 4407 m s-1 [264] 
for molten Ti. This value is two orders of magnitude greater than the threshold required 
for cavitation in molten light metals (~100 W cm-2 [144]), suggesting that the ultrasound 
applied has the potential to produce significant structural refinement [143, 144].  
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Fig. 6.1: Cross-sectional schematic showing metal AM by laser-based DED onto an 
ultrasonic sonotrode vibrated at 20 kHz. The formation of acoustic cavitation and 
streaming in the liquid metal by high-intensity ultrasound can vigorously agitate the 
melt during solidification, thereby promoting significant structural modification or 
refinement. 
 
6.4.2 Macrostructure 
Macrostructural analysis reveals a substantial difference between the AM-fabricated 
Ti-6Al-4V samples with and without ultrasound (Fig. 6.2). The sample without 
ultrasound exhibits columnar prior-β grains of several millimeters in length and 
~0.5 mm in width traversing multiple deposited layers as expected (Fig. 6.2a, c). In 
contrast, the sample with ultrasound shows fine (~100 µm), equiaxed prior-β grains 
(Fig. 6.2b, d). The effect of ultrasound on grain refinement can be evaluated by 
examining the change in the prior-β grain number density, which is directly correlated 
to nucleation [265]. The prior-β grain number density increases from 3.3 mm-2 to 
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65.0 mm-2 by ultrasound, confirming that ultrasound enhances nucleation during 
solidification. The distribution of both the prior-β grain size and prior-β grain aspect 
ratio changes dramatically by ultrasound (Fig. 6.2e, f), reflecting the much-improved 
prior-β grain structure homogeneity. 
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Fig. 6.2: Grain refinement of the AM-fabricated Ti-6Al-4V by high-intensity 
ultrasound. (a, b) Optical microscopy images of the samples (a) without and (b) with 
ultrasound. (c, d) Polarized light microscopy images showing (c) large columnar grains 
and (d) fine equiaxed grains. (e, f) Histograms of the (e) prior-β grain size and (f) prior-β 
grain aspect ratio for the samples without and with ultrasound measured from traced 
prior-β grain images. The prior-β grain boundaries in (c) and (d) are traced in white. 
Scale bars, 1 mm. 
 
6.4.3 Microstructure 
To further identify the effect of high-intensity ultrasound on the AM-fabricated 
Ti-6Al-4V microstructure, the samples with and without ultrasound were analyzed by 
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scanning electron microscopy (SEM). A basketweave-like α-β microstructure is 
observed inside the prior-β grains in both cases (Fig. 6.3a-d). The α-lath thickness is 
similar along the build height with and without ultrasound. Additionally, no statistical 
difference is identified in the distribution of the α-lath thickness between the samples 
without and with ultrasound (Fig. 6.3e, f). This suggests that the thermal conditions 
during the β → α transformation that control the scale of the α-β microstructure are 
largely unaffected by ultrasound. This is not surprising as ultrasound, at the intensity 
level applied, is not expected to affect the solid-state transformation in metallic alloys. 
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Fig. 6.3: Microstructure characterization of the AM-fabricated Ti-6Al-4V without and 
with high-intensity ultrasound. (a-d) SEM images showing the α-β structure inside the 
prior-β grains of the samples (a, c) without and (b, d) with ultrasound. (e, f) Histograms 
of the α-lath thickness of the samples (e) without and (f) with ultrasound. The prior-β 
grain boundaries in (a) and (b) are traced in white. Scale bars, 50 μm in (a, b), 5 μm in 
(c, d). 
 
To assess any potential change in crystallographic texture, electron backscatter 
diffraction (EBSD) analysis was applied to Ti-6Al-4V samples additively manufactured 
with and without ultrasound. The results are summarized in Fig. 6.4. Without 
ultrasound, the α phase exhibits a clear crystallographic orientation with a maximum 
multiples of uniform distribution (MUD) value of 4.5 (a measure of the crystallographic 
 152 
 
preferred orientation strength; maximum MUD = 1.0 corresponds to a random texture). 
More specifically, without ultrasound, the c-axis of many of the α crystals is tilted ~45° 
about the columnar or growth direction of the β phase (Fig. 6.4a, e), measured from the 
pole figure. This texture has been reported previously [230, 236-240]. With ultrasound, 
the maximum MUD value is reduced from 4.5 to 2.0 (Fig. 6.4c, f), substantially 
weakening the texture of the α phase. 
 
In the case of the prior-β grains, without ultrasound, the majority of the prior-β grains 
analyzed show a strong <001> crystallographic orientation (maximum MUD = 6.0; 
Fig. 6.4b, g), consistent with previous studies [230, 236-240]. With ultrasound, the 
maximum MUD value for the prior-β grains is reduced from 6.0 to 2.7 (Fig. 6.4d, h), 
and the resulting equiaxed prior-β grain structure (Fig. 6.4d) has effectively avoided the 
characteristic <001> texture, while no other preferred texture is detected. These 
observations are consistent with the understanding that an equiaxed grain structure has 
no preferred crystallographic texture. 
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Fig. 6.4: Texture changes in AM-fabricated Ti-6Al-4V by high-intensity ultrasound. 
(a, c) Inverse pole figure maps along the build direction (z) for the α phase (measured 
by EBSD) in samples (a) without and (c) with ultrasound. (b, d) Inverse pole figure 
maps along the build direction (z) for the β phase (reconstructed from the α phase maps 
in (a) and (c)) in samples (b) without and (d) with ultrasound. (e, f) {0001} contoured 
pole figures of the measured α phase in samples (e) without and (f) with ultrasound. 
(g, h) {001} contoured pole figures of the reconstructed β phase in samples (g) without 
and (h) with ultrasound. Black lines in (b) and (d) indicate high angle grain boundaries 
(misorientation >10°). Scale bars, 250 μm. 
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6.4.4 Tensile Properties 
Tensile engineering stress-strain curves (Fig. 6.5a) show that the yield stress σy and 
tensile strength σTS of the as-built Ti-6Al-4V are both increased by ~12% from 
980 ± 13 MPa to 1094 ± 18 MPa by ultrasound. It should be stressed that the enhanced 
tensile properties are achieved without increasing the impurity levels of the alloy (see 
Table 6.1). Both groups of samples show a strain-to-failure (ε) value of ~5%, which is 
typical of as-built DED-processed Ti-6Al-4V [266, 267]. 
 
To put the strength improvement by ultrasound into context, the change in yield stress 
of AM-fabricated Ti-6Al-4V by ultrasound vs. that by chemical approaches is plotted 
in Fig. 6.5b. Deploying ultrasound, without modifying alloy composition, results in a 
greater increase in yield stress than alloying with B [268], LaB6 [268] and C [269]. 
 
A recent study has revealed that texture can affect the tensile yield stress of additively 
manufactured α-β Ti-6Al-4V by 3-5% [240]. This is less than half of the percentage 
increase in the yield stress observed in Fig. 6.5a (~12%). To understand the major 
contributing factor to this increase, Fig. 6.5c plots the literature data [231, 232, 239, 
244, 245, 248, 270-274] and our experimental data on the yield stress of AM-fabricated 
α-β Ti-6Al-4V vs. the inverse square root of the prior-β grain size (d). An approximate 
Hall-Petch relationship is observed. This implies that the resulting equiaxed prior-β 
grain size has played a major role in improving the yield stress in this study (~7% out 
of the total 12% of increase). 
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We note that post-AM heat treatments below the β-transus temperature including hot 
isostatic pressing are often applied to Ti-6Al-4V for improved strength-ductility 
combinations and property consistency [230, 231]. Such heat treatments do not change 
the prior-β grain structures [229, 232, 239]. Hence, the effect of the ultrasound-induced 
microstructural changes, i.e., the equiaxed prior-β grains, reduced prior-β grain size and 
substantially weakened texture, on mechanical properties shown in Fig. 6.5, is expected 
to survive after common post-AM heat treatments. 
 
 
Fig. 6.5: Tensile properties of AM-fabricated Ti-6Al-4V. (a) Engineering stress-strain 
curves of the as-built samples without and with ultrasound. The error bars are standard 
deviations of the mean for three tests. (b) Change in yield stress of AM-fabricated 
Ti-6Al-4V by chemical addition [268, 269] compared to ultrasound in this work. (c) 
Tensile yield stress with the inverse of square root of prior-β grain size from the 
literature [231, 232, 239, 244, 245, 248, 270-274] and this work. The solid line in (c) 
represents the line of best fit while the dashed lines define ± 0.15σ0 along the linear fit. 
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6.4.5 Extension to further alloy systems 
To test the generality of our approach, we have similarly applied high-intensity 
ultrasound to AM of Inconel 625 using a custom-made stainless steel 4140 sonotrode 
(see details in the ‘Methods’ section). The sample fabricated without ultrasound exhibits 
columnar primary γ grains of 500 µm in length and 150 µm in width with a strong 
<001> texture (Fig. 6.6a, c). In contrast, the application of ultrasound produces 
predominately equiaxed primary γ grains of only a few microns in size (much finer than 
Ti-6Al-4V) with a near random crystallographic texture (Fig. 6.6b, d). This confirms 
the generality of the ultrasonic approach for AM of different metallic materials. 
 
To further showcase the capability of our approach for solidification control during AM, 
we fabricated a microstructurally graded Inconel 625 sample that exhibits an alternating 
columnar/equiaxed/columnar grain structure along its build height, as shown in 
Fig. 6.6e. This was achieved by simply turning on and off the high-intensity ultrasound 
during AM. The approach thus also offers an alternative means of fabricating graded 
grain structures during AM. 
 
 157 
 
 
Fig. 6.6: AM of Inconel 625 with and without high-intensity ultrasound. (a, b) Inverse 
pole figure maps along the build direction (z) for the γ phase in samples (a) without and 
(b) with ultrasound. (c, d) {001} contoured pole figures of the γ phase in samples (c) 
without and (d) with ultrasound. (e) Inverse pole figure map along the build direction 
(z) of a sample fabricated by turning the ultrasound on and off during AM. Scale bars, 
250 μm. 
 
6.5 Discussion 
6.5.1 Ultrasonic Conditions 
The high-intensity ultrasonic field during AM of Ti-6Al-4V is analyzed as a function 
of build height to gain fundamental insights into the potential practical application of 
ultrasonic grain refinement of alloys made by AM. The sonotrode working face (made 
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of Ti-6Al-4V) is in resonance at the frequency of the piezoelectric transducer when the 
initial sonotrode length z0 is maintained (Fig. 6.7a). The effective length of the 
Ti-6Al-4V sonotrode increases by the sample build height z during AM, where the 
sample being built is also Ti-6Al-4V by design (the same concept can apply to the AM 
of other alloys). Consequently, the AM-fabricated part oscillates with different 
amplitude A values along the sample build height z as a result of changing resonance 
conditions. The amplitude A as a function of the build height z can be described by a 
wave equation: 
𝐴(𝑧) = 𝐴0 cos
2𝜋𝑓
𝑣
𝑧                       (6.2) 
where A0 is the amplitude at the sonotrode working face (30 μm) and v is the sound 
velocity in solid Ti-6Al-4V (0.25 m s-1 [275]). 
 
By combining Eqs. 1 and 2, the ultrasound intensity I as a function of the build height 
z is given by: 
𝐼(𝑧) =
1
2
𝜌𝑐 (2𝜋𝑓𝐴0 cos
2𝜋𝑓
𝑣
𝑧)
2
                   (6.3) 
The intensity (I) values calculated from Eq. 6.3 up to a build height of 500 mm are 
plotted in Fig. 6.7b, which varies in a wave-like pattern with a periodicity of ~125 mm. 
The intensity applied during AM of a 10-mm high Ti-6Al-4V sample remains 
effectively constant and is two orders of magnitude greater than the threshold for 
acoustic cavitation, which is essential for significant ultrasonic grain refinement [143, 
144]. These results can therefore be used to explain the experimental observations of 
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the 10-mm high Ti-6Al-4V sample with high-intensity ultrasound, which shows fine 
equiaxed prior-β grains along its height. 
 
The ultrasound intensity (I) initially drops from the peak value to zero when the build 
height increases from zero to ~62.5 mm (the acoustic half wavelength, Fig. 6.7b) and 
then returns to the peak value when the build height reaches the acoustic wavelength 
(~125 mm). This pattern repeats itself when the build height increases further 
(Fig. 6.7b). Consequently, the ultrasonic intensity I required to produce cavitation for 
structural refinement is intermittently unsatisfied. This reveals the limitation of using a 
piezoelectric transducer, which is unable to maintain a constant amplitude A with 
sample build height z. To overcome this problem, it is better to use a magnetostrictive 
transducer that can be automatically tuned to the variable resonance condition by 
adjusting the frequency. This, coupled to a specially designed slotted block sonotrode 
with a wide output face (similar to the one shown in ref [276]), would enable the peak 
intensity to be maintained with build height and facilitate grain refinement throughout 
large AM-fabricated parts. However, it should be noted that the geometry of the 
additively manufactured components may affect the ultrasonication conditions, which 
could become a practical concern when fabricating complex shapes and deserves further 
investigation. 
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Fig. 6.7: High-intensity ultrasound conditions during AM of Ti-6Al-4V. (a) Change in 
amplitude by Eq. 6.2 versus the vertical axis of the acoustic system. (b) Change in 
intensity by Eq. 6.3 versus build height. The red dashed line in (b) corresponds to the 
intensity required to overcome the cavitation threshold in molten light metals 
(Ic ≥ 100 W cm-2 [144]). The gray regions in (b) denote when cavitation is 
non-operative. 
 
6.5.2 Grain Refinement Mechanism 
For conventional ultrasonic grain refinement in a large volume of melt, the basic grain 
refinement mechanisms are generally clear, i.e., cavitation is essential for the production 
of a large number of nuclei or crystallites (up to four different mechanisms may be 
operative [144, 149]) [157, 158, 192, 277], while acoustic streaming is important for 
their distribution from the sonotrode region to the rest of the melt [278, 279]. Due to the 
very small melt pool (~0.8 mm) during AM, the distribution effect of acoustic streaming 
on grain refinement can be assumed to be minimal, because the entire small melt pool 
is effectively ultrasonicated. 
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The cavitation threshold is determined by the surface tension of the melt. For molten 
Ti-6Al-4V, its surface tension (σ) above the liquidus temperature (1655 C) has been 
systematically measured and obeys the following relationship with melt temperature 
(T) [280]: 
𝜎 = 1.52 − (𝑇 − 1655) × (5.52 × 10−4) (in N m-1)           (6.4) 
The melt pool temperature of Ti-6Al-4V during directed energy deposition has been 
measured and the temperature at the centre can reach 2500 C [281]. Accordingly, the 
surface tension of the Ti-6Al-4V melt during AM is about 1.05 N m-1. 
 
Measuring cavitation in molten metals is challenging and we are not aware of any 
experimental measurement in molten Ti and Ti alloys. However, Eskin has 
systematically measured cavitation in commercially pure molten Al [144]. The surface 
tension of molten Al at 710 C was measured to be ~0.9 N m-1 [282], which is similar 
to the surface tension of molten Ti-6Al-4V (1.05 N m-1) in the melt pool during 
directed energy deposition. The ultrasonic conditions used in this study (ultrasonic 
amplitude: 30 µm, frequency: 20 kHz) are included in those used by Eskin [144]. 
Eskin [144] investigated the effect of ultrasonic amplitude (2, 5, 10, 15, 20, 30 and 
40 µm) on cavitation in molten Al and identified that cavitation was incipient when the 
amplitude was increased from 2 µm to 5 µm and became fully developed when the 
amplitude reached 10 µm and beyond. As shown by Eq. 6.1 in the manuscript, the 
ultrasonic intensity is proportional to the square of amplitude (A). The 30-µm amplitude 
applied in this study is 9 times the ultrasonic intensity required for the generation of 
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fully developed cavitation in molten Al. As pointed out earlier, the surface tension of 
molten Ti-6Al-4V in this study is similar to that of the molten Al investigated by 
Eskin [144]. In other words, the ultrasonic conditions employed in this study are well 
above the threshold required for cavitation in molten Ti-6Al-4V during directed energy 
deposition. 
 
Kinetically, the directed energy deposition process used in this study offers far more 
than sufficient time for cavitation to occur in the melt pool. The laser beam size used 
was 0.61 mm. The melt pool size is typically about 30% larger than the beam size, 
which gives about 0.8 mm. The laser scanning speed used was 600 mm min-1. The melt 
pool survival time is equivalent to the time for the laser to travel across the melt pool, 
which is 0.08 s. On the other hand, the time required from bubble formation to bubble 
implosion in liquid metals is ~30 µs (0.00003 s), measured by in situ ultrafast 
high-resolution synchrotron X-ray imaging [192]. Hence, the melt pool survival time is 
far more than sufficient for cavitation to occur in the melt pool. 
 
As detailed above, the DED process employed in this study offers far more than 
sufficient time for cavitation to occur (~0.00003 s) in the melt pool. On the other hand, 
the ultrasonic intensity employed in this study far exceeds the threshold for cavitation 
in molten Ti-6Al-4V, estimated according to the surface tension of molten Ti-6Al-4V 
(~1.05 N m-1) during AM, compared with that of molten Al (~0.9 N m-1) and the 
detailed measurements of cavitation in molten Al by Eskin [144]. In that regard, 
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cavitation can be assumed to be the predominant reason for the grain refinement 
observed. 
 
6.6 Conclusions 
• The application of ultrasound during AM of Ti-6Al-4V enabled the formation of a 
fully equiaxed structure, which improved the microstructural homogeneity, 
significantly reduced the prior-β grain size and substantially weakened the 
solidification texture. 
• This work highlighted the important role of prior-β grain refinement in the tensile 
properties of AM Ti-6Al-4V. 
• Assessment of the ultrasonic conditions revealed that the selection of the ultrasonic 
transducer element can be an important practical consideration for structural 
refinement of large-volume AM-fabricated parts and the use of a magnetostrictive 
transducer was recommended. 
• To assess the generality of our approach, the ultrasonic grain refinement method was 
successfully applied to the AM of Inconel 625, including the creation of an 
alternating columnar/equiaxed/columnar Inconel 625 grain structure along the build 
height by simply switching on and off the ultrasound during AM. 
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Chapter 7: Summary and Future Work 
7.1 Summary 
One of the greatest challengers to aluminum (Al) recycling is the gradual accumulation 
of iron (Fe) content in the recycled material during repeated recycling events. The 
problem is intensified by the fact that Fe in Al cannot be economically removed. 
Generally, the presence of Fe in Al alloys induces the formation of hard and brittle 
Fe-containing intermetallic compounds (IMCs) which increase material defects, reduce 
the mechanical properties and lead to inconsistent performance. However, the 
Fe-containing IMCs may act as effective structural reinforcements for improved alloy 
strength at room and elevated temperatures if their size, distribution and shape are 
effectively controlled. Hence, the increased Fe content in recycled Al may present an 
opportunity to exploit recycled materials for the fabrication of cost effective, 
high-performance Al alloys. 
 
The research presented in this thesis addressed the microstructure formation and 
mechanical properties of various ultrasonic and laser processed alloys, with a special 
focus on controlling the Fe-containing IMCs in hypereutectic Al-Si based alloys. In 
Chapter 3, macro-segregation and primary Fe-containing IMC peritectic 
transformations in an Al-19Si-4Fe alloy (all compositions in wt pct throughout) were 
investigated without and with ultrasonic melt treatment (USMT). Chapter 4 clarified 
the synergistic effect of manganese (Mn) addition and USMT on the formation of 
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Fe-containing IMCs in an Al-17Si-2Fe alloy. A systematic study was made in Chapter 
5 on the Fe-containing IMC formation in a laser re-melted Al-19Si-4Fe alloy with 
different levels of Mn addition. Finally, the effect of USMT on the structural control of 
a model Ti-6Al-4V alloy during laser additive manufacturing (LAM) was investigated 
in Chapter 6. The major conclusions of each chapter are highlighted as follows: 
 
• USMT of an Al-19Si-4Fe alloy 
USMT was used to control the formation of Fe-containing IMCs in an Al-19Si-4Fe 
alloy. A considerable non-uniform distribution of the primary Fe-containing IMCs was 
obtained in the ingot without USMT, as opposed to a near homogeneous distribution in 
the ingot with USMT. Quantitative metallography revealed that the area fraction, 
number density and size distribution of the Fe-containing IMCs became essentially 
uniform across the ingot after USMT. In addition, USMT had an unexpected impact on 
the constitution of the primary Fe-containing IMCs. Complex δ-Al3FeSi2/β-Al5FeSi 
IMCs were prominent without USMT while few δ-Al3FeSi2 IMCs occurred with USMT 
and the primary Fe-containing IMCs existed mostly as single-phase β-Al5FeSi IMCs. 
Such observations indicated that USMT furthered the peritectic transformation 
δ-Al3FeSi2 → β-Al5FeSi. The underlying reasons were discussed. 
 
• USMT of a Mn-modified Al-17Si-2Fe alloy 
The individual and combined effects of different levels of Mn addition and USMT on 
the formation of Fe-containing IMCs in an Al-17Si-2Fe alloy were investigated. 
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Increasing the Mn content without USMT resulted in macro-segregation and coarse 
IMCs. In addition, not all δ-Al3FeSi2/β-Al5FeSi IMCs transformed into the desirable 
α-Al15(Fe,Mn)3Si2 phase. In contrast, the resultant microstructure of the alloy with 2 pct 
Mn addition + USMT was featured by fine dispersed polyhedral α-Al15(Fe,Mn)3Si2 
IMCs. The solid fraction of the IMCs was quantified and compared with predictions 
under the Scheil equation and the lever rule conditions. The underlining mechanisms 
for the effect of Mn and USMT on Fe-containing IMC formation and selection were 
proposed. 
 
• Laser processing of an Al-19Si-4Fe alloy 
A systematic study was made on the Fe-containing IMC formation in a laser processed 
Al-19Si-4Fe alloy. The microstructure of the as-cast Al-19Si-4Fe alloy consisted of 
pre-eutectic δ-Al3FeSi2 intermetallic compounds (IMCs). In contrast, the pre-eutectic 
δ-Al3FeSi2 IMCs were essentially completely suppressed in laser re-melted alloy and a 
strong 3D interconnected network of co-eutectic δ-Al3FeSi2 IMCs appeared instead. 
The as-cast Al-19Si-4Fe alloy exhibited a tensile strength and elongation to failure of 
31 MPa and 0.2 pct, respectively, rendering the material practically useless. In 
comparison, the laser re-melted alloy showed a tensile strength and elongation to failure 
of 315 MPa and 1.0 pct, respectively. This suggests that laser processing is an effective 
approach to enable mechanical integrity and performance of high Fe-containing 
Al-based alloys. 
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• USMT during LAM 
USMT of LAM-fabricated Ti-6Al-4V was investigated to prevent coarse columnar 
grain formation. Fine (~100 µm) and essentially fully equiaxed (aspect ratio ≤ 2.5) 
grains were achieved throughout the build by USMT. Consequently, the sample with 
USMT showed a 12 pct improvement in both the yield stress and tensile strength 
compared to without USMT with a coarse columnar structure. Assessment of the 
ultrasonic conditions during LAM revealed that the selection of the ultrasonic 
transducer element is an important practical consideration for grain refinement of 
large-volume parts and a solution was recommended. The most likely responsible grain 
refinement mechanism was discussed. The enhanced structural isotropy and 
performance revealed in Ti-6Al-4V may be widely accessible to other alloy systems. 
 
7.2 Recommendations for Future Work 
Future work based on Chapter 3: There exist practical limitations of applying USMT 
through the solidification range of an alloy for conventional casting processes. One 
option is to use specially designed molds, which contain an array of gas- or water-cooled 
ultrasonic sonotrodes in the mold walls. This approach has been demonstrated in 
Ref. [200] on a cast steel poured at 1600 °C. The second option is to take advantage of 
the semi-solid casting process. Commercial hypereutectic Al-Si based alloys have been 
employed for semi-solid injection molding of complex parts. The optimal temperatures 
of these alloys for feedstock are 560-590 °C [201]. In general, the fluidity of an 
ultrasonicated melt improves due to ultrasonication being able to effectively change the 
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undesirable morphology of the IMCs and disperse them in the liquid. In either case, it 
is a practically important topic that deserves a systematic study. 
 
Future work based on Chapter 4: The combined use of Mn and USMT was effective 
to transform all the Fe-containing IMCs to fine dispersed polyhedral-shaped 
α-Al15(Fe,Mn)3Si2 IMCs in this chapter. However, the addition of Mn to the alloy with 
USMT also increased the total volume fraction of the Fe-containing IMCs by ~43 pct, 
which may lower ductility [283] and machinability [110]. It would be important to 
clarify the benefits of converting all the Fe-containing IMCs to the α-Al15(Fe,Mn)3Si2 
phase, with a particular focus on the tensile properties and machinability of the cast 
component. 
Future work based on Chapter 5: In this chapter, laser re-melting of cast ingots 
indicated that the Al-19Si-4Fe alloy may be particularly suited to LAM. Future work 
should be directed towards fabricating the alloy by a LAM process. Moreover, tensile 
testing was limited to room temperature in this work. The δ-Al3FeSi2 IMC is 
thermally-stable in Al-based alloys to temperatures as high as 300 °C [126]. Hence, the 
3D architecture of fine interconnected co-eutectic platelet-like δ-Al3FeSi2 IMCs in the 
laser processed Al-19Si-4Fe alloy is expected to exhibit excellent high temperature 
tensile properties and demands further investigation. 
 
Future work based on Chapter 6: This chapter revealed that USMT was effective to 
promote structural refinement of Ti-6Al-4V fabricated by LAM. The applicability of 
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this process for structural refinement of LAM-fabricated Fe-modified hypereutectic 
Al-Si alloys by needs to be confirmed. Additionally, the apparatus used in this work is 
capable of only ultrasonically treating small parts, limited by the sonotrode diameter 
(25 mm). One option is to deposit material on a large base plate that is connected to a 
vibrating sonotrode, as demonstrated during arc-welding [15]. Another option is to 
directly dip an ultrasonic sonotrode into the solidifying melt, where the diameter of the 
sonotrode is smaller than the melt pool. This method has been successful in 
arc-welding [17]. In either case, this would be an interesting topic for future research. 
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